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A b s t r a c t
Pure component and m ix tu r e s  o f  pentane and hexane were 
h ydro !som er Iz ed  on Pd-H-mordenI  t e  and P d - H - f a u j a s I  te  a t  4 6 5 ° F ,  100 to  
300 p s ig ,  6 , 2  to  6 . 6  w / h r / w ,  and iO/1 to  18/1 Hg /hyd ro carb on mole 
r a t i o .  The a c t i v i t y  o f  both these  c a t a l y s t s  was comparable to  o t h e r  
developmental  c a t a l y s t s  re p o r t e d  in th e  l i t e r a t u r e .  R e s u l ts  showed 
t h a t  on the  m o rd e n i te  c a t a l y s t ,  th e  f i r s t  o r d e r  r a t e  c o n s ta n t  f o r  
n-Cg decreased on d i l u t i o n  w i t h  n-Cg w h i l e  the  n-Cg r a t e  c o n s tan t  
increased on d i l u t i o n  w i t h  n-Cg.  On t h e  f a u j a s i t e  c a t a l y s t ,  the  
r a t e  c o n s ta n t  f o r  both n-Cg and n-Cg decreased from th e  pure component 
va 1ues on d i l u t i o n .
Models were proposed f o r  the r a t e  co n s tan ts  as f u n c t i o n s  o f  
a d s o r p t io n  param eters  and the p a r t i a l  p ressu res  o f  the  r e a c t a n t s  
and o f  hydrogen.  These models were based on a Langmuir-Hinshelwood  
a d s o rp t io n  f u n c t i o n .  S t a t i s t i c a l  a n a l y s i s  o f  the v a r i o u s  models 
i n d ic a t e d  t h a t  on P d -H -m o r d e n i te ,  n-Cg is  p r e f e r e n t i a l l y  adsorbed .
On P d - H - f a u j a s i t e ,  the a n a l y s i s  showed t h a t  n e i t h e r  n-Cg nor n-Cg 
predominates  in a d s o r p t io n  and t h a t  the a d s o r p t io n  parameters  f o r  both 
r e a c t a n t s  must be in c lu d ed  in the model.  The hydrogen a d s o r p t i o n  p a r a ­
meter  was n e g l i g i b l e  compared to  both the pentane and hexane a d s o r p t i o n  
param eters on both c a t a l y s t s .
V I I I
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I n t r o d u c t  i on
H y d r o i s o m e r i z a t i o n  o f  low m o l e c u la r  w e ig h t  p a r a f f i n s  has become 
an i n c r e a s i n g l y  im p o r tan t  convers ion  process in r e c e n t  y e a r s .  Th is  
is due to  the  phase-down o f  a n t ik n o c k  c o n c e n t r a t i o n s  in motor g a s o l in e  
and the r e s u l t i n g  need f o r  h ig h e r  o c t a n e ,  i . e . ,  more branched hydrocarbon  
c o n s t i t u e n t s .  The research  o ctane  number (RON) o f  streams c o n t a i n in g  
C5 and Cg m ost ly  s t r a i g h t  chain  hydrocarbons can be boosted from about  
70 to o v e r  80 w i t h  the  e x t e n t  o f  improvement depending on the is o m e r i ­
z a t i o n  te m p e r a tu re  and C5/ C 5 r a t i o  ( 1 ) .
Z e o l i t e  c a t a l y s t s  have been employed almost  e x c l u s i v e l y  in nev;
e f f o r t s  in t h i s  a r e a .  P a r a f f i n  i s o m e r i z a t i o n  r e q u i r e s  a s t a b l e  c a t a l y s t  
w i t h  h igh  a c t i v i t y  to  t a k e  advantage o f  the  h i g h e r  e q u i l i b r i u m  convers ions  
to branched products  a t  lower te m pe ra tu re s  ( 2 ) .  Z e o l i t e s  have been 
shown to be h i g h l y  a c t i v e  f o r  t h i s  type  o f  r e a c t i o n  and have a d d i t i o n a l  
advantages such as r e l a t i v e  i n s e n s i t i v i t y  to  m o i s t u r e ,  s u l f u r ,  n i t r o g e n  ( 3)
The e a r l i e s t  i n v e s t i g a t i o n s  in t o  z e o l i t e  c a t a l y s t  a c t i v i t y  
were a c i d - b a s e  typ e  r e a c t i o n s  such as c r a c k i n g ,  i s o m e r i z a t i o n ,  a l k y l a t i o n ,  
and d e h y d r a t io n  o f  a l c o h o l s .  These r e a c t i o n s  were a l s o  known t o  be 
c a t a l y z e d  by amorphous a 1u m i n o s i I i c a t e s . Z e o l i t e s ,  being  c r y s t a l l i n e  
a l u m i n o s i 1 i c a t e  compounds, were found to  have s p e c i a l  p r o p e r t i e s  compared 
to  amorphous c a t a l y s t s .  i t  was found t h a t  n o b le - m e t a l  f r e e  z e o l i t e s  
c a t a l y z e  n-Cg i s o m e r i z a t i o n  w h i l e  the amorphous a 1u m in o s i1 i c a t e s  do 
not ( 4 ) .  T h i s  is a t t r i b u t e d  to  the  unique a d s o r p t i v e  and a c i d i c  s u r fa c e  
p r o p e r t i e s  o f  z e o l i t e s .  M o d i f i e d  z e o l i t e s  have appeared  in which ion 
exchange and d e p o s i t i o n  o f  a h y d ro ge n a t in g  n o b le  metal  such as Pd are  
used to  enhance s p e c i f i c  r e a c t i o n s .  Hydro i s o m e r i z a t i o n  o f  a lk a ne s  on
1
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such c a t a l y s t s  is g e n e r a l l y  cons idered  to  proceed through a mechanism in 
which deh yd ro g en at io n  o f  the  a lk a n e  a t  a m e t a l l i c  s i t e  is fo l lo w e d  by 
s k e l e t a l  rearrangem ent  a t  an a c i d i c  z e o l i t e  s i t e  v i a  a carbonium ion 
i n t e r m e d i a t e .  The r e s u l t i n g  isomer is hydrogenated  a t  a m e t a l l i c  s i t e  to  
complete  t h e  r e a c t i o n .
Problems c u r r e n t l y  being i n v e s t i g a t e d  in t h i s  f i e l d  in c lu d e  the  
s t r u c t u r e  o f  th e  a c t i v e  c e n te rs  (both metal  and a c id  s i t e s ) ,  i n t r a d i f f u s i o n a l  
i n h i b i t i o n  due to  i n t r a m o l e c u l a r  ch ann e ls ,  and th e  n a t u r e  o f  c a t a l y s t  
d e a c t i v a t i o n  (3 ) .  L i t t l e  has been r e p o r te d  in th e  l i t e r a t u r e  on s y s t e m a t ic  
s t u d i e s  o f  mixed n-Cg and n-Cg feeds a l th o u g h  i t  is t h i s  type  o f  feed t h a t  
is t y p i c a l  o f  h y d r o i s o m e r i z a t i o n  feed stocks f o r  o c ta n e  enhancement.  In 
f a c t ,  Cg and Cg hydrocarbons comprise 15-20% o f  t h e  t o t a l  motor gas 
pool (5 ) .  Any anom al ies  observed in h y d r o i s o m e r i z a t i o n  o f  such 
mixed feeds a r e  im p o r tan t  in the  design o f  commercial  systems and in the  
i n v e s t i g a t i o n  o f  the  mechanism and dynamics on a m o le c u la r  l e v e l .
T h i s  study was designed to examine the  k i n e t i c s  o f  n-Cg/n-Cg  
h y d r o i s o m e r i z a t i o n  o f  both m o rden i te  and f a u j a s i t e  c a t a l y s t s .  The 
o b j e c t  i ves were :
1. Using a s i m p l i f i e d  k i n e t i c  model ,  d e s c r i b e  the  e f f e c t s  
o f  te m p e ra tu r e  and r e a c t a n t  p a r t i a l  p ressu res  on the  
r a t e  c o n s t a n t  f o r  both a m o rd en i te  and f a u j a s i t e  c a t a l y s t  
t y p i c a l  o f  developmental  c a t a l y s t s .
2.  E x p l a in  any anomal ies in terms o f  fundamental  
k i n e t i c  q u a n t i t i e s  such as a d s o r p t io n  p ara m e te rs .
3 . Compare the  per formance o f  th e  m o r d e n i t e  and f a u j a s i t e  
c a t a l y s t s  in terms o f  the k i n e t i c  models d eve loped .
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Li te  r a t u r e  Review
Z e o l i t e s  a r e  a s p e c i a l  c la s s  o f  c r y s t a l l i n e  a l u m i n o s i l i c a t e  com­
pounds which have s p e c i f i c  pore dimensions and pore s t r u c t u r e .  T h e i r  
va lu e  in heterogeneous c a t a l y s i s  l i e s  in the  a b i l i t y  to t a i l o r  th e  pores 
to exc lu d e  c e r t a i n  r e a c t a n t s  and thus o b t a i n  h ig h  s e l e c t i v i t y ;  and in 
the s p e c ia l  a c i d i c  and a d s o r p t i v e  p r o p e r t i e s  o f  the z e o l i t e  s u r f a c e  
which promote s p e c i f i c  co nvers io n  r e a c t i o n s  such as h y d r o i s o m e r i z a t i o n .
In t h i s  s e c t i o n ,  the a v a i l a b l e  l i t e r a t u r e  on f a u j a s i t e  and m o rden it e  
z e o l i t e s  w i l l  be examined as f o l l o w s .  F i r s t ,  the s t r u c t u r e  and p h y s ic a l  
p r o p e r t i e s  f o r  each c a t a l y s t  w i l l  be d e s c r i b e d .  Second, s tu d ie s  
c a r r i e d  out  i n v o l v i n g  s p e c i f i c  r e a c t i o n s  on these  c a t a l y s t s  w i l l  be r e ­
viewed e s p e c i a l l y  as they r e l a t e  to the p a r t i c u l a r  types o f  c a t a l y s t s  used 
in t h i s  s tu d y .  F i n a l l y ,  s t u d ie s  which have compared the a c t i v i t i e s  o f  
m o rd en i te  and f a u j a s i t e  c a t a l y s t ,  p a r t i c u l a r l y  as d i f f e r e n c e s  in p e r ­
formance may be r e l a t e d  to  phys ica l  and chemica l  c h a r a c t e r i s t i c s ,  w i l l  be 
r e v ie w e d .
S t r u c t u r e
There a r e  more than 30 d i f f e r e n t  c r y s t a l l i n e  z e o l i t e s  o cc u r in g  
in n a t u r e .  Over 100 a d d i t i o n a l  z e o l i t e s  have been manufactured  s y n t h e t i ­
c a l l y  in o r d e r  to o b t a i n  enhanced chemical  or  s o r p t i v e  p r o p e r t i e s .  Whether  
s y n t h e t i c  o r  n a t u r a l ,  a l l  z e o l i t e s  may be re p r e s e n te d  by the e m p i r i c a l  
formula  ( 6 ) :
Mx/n °  O z ) *  (Si  Oz)y ]  -w HgO
in t h i s  fo r m u l a ,  M is the c a t i o n  o f  va le n c e  n, w is the number
o f  w a t e r  m o le c u le s ,  and y / x  has va lues  o f  1-5 depending on the s t r u c t u r e .
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Th is  s t r u c t u r e  c o n s i s t s  o f  an i n f i n i t e l y  e x t e n d in g  t h r e e  d imensional  
network  o f  AIO1+ and SiO^ t e t r a h e d r a  l i n k e d  t o  each o t h e r  by s h a r in g  a l l  
o f  the oxygens.
In s p i t e  o f  t h e  many v a r i e t i e s  o f  n a t u r a l  and s y n t h e t i c  z e o l i t e s  
a v a i l a b l e ,  o n ly  few have p r a c t i c a l  impor tance a t  the p r e s e n t .  Many z e o l i t e s ,  
a f t e r  d e h y d r a t i o n ,  have ve ry  small  channels which do not  p e n e t r a t e  the  
p a r t i c l e  and which a r e  s e r io u s  mass t r a n s f e r  b lo c k s .  In o t h e r  cases ,  
d e h y d ra t io n  i r r e v e r s i b l y  d i s r u p t s  the s t r u c t u r e  and the p o s i t i o n s  o f  the  
metal  c a t i o n s ,  caus ing  the framework to c o l l a p s e .  To be o f  use, the  
s t r u c t u r e  must remain i n t a c t  a f t e r  d e h y d r a t i o n .  B reck  ( 6 ) has summarized  
and c l a s s i f i e d  the im p o r tan t  s y n t h e t i c  and n a t u r a l  z e o l i t e  p r o p e r t i e s .
Faujas  i te
F a u j a s i t e  is both a n a t u r a l l y  o c c u r in g  and s y n t h e s iz e d  z e o l i t e .
Type X and V have been used to  d e s ig n a te  two s y n t h e t i c  f a u j a s i tes which  
have r e c e iv e d  s p e c i a l  a t t e n t i o n .  The e m p i r i c a l  form ulas  f o r  a t y p i c a l  o x id e  
are  g iv en  by Breck ( 6) ,
NazO 'A lgOg 'Z .S  S i 0 2 * 6  HgO Type X.
Na2 0 - A l 2 0 3 ' 4 . 8  S 102- 8 . 9  HgO Type Y.
The b a s ic  s t r u c t u r e  o f  the f a u j a s i t e ,  both X and Y, Is t h a t  o f  a 
t r u n c a t e d  t e t r a h e d r o n  as shown in F ig u re  1 . Each v e r t e x  in the F ig u r e  
re p r e s e n ts  a s i l i c o n  o r  aluminum atom and each l i n e  r e p re s e n t s  a l i n k i n g  
oxygen atom. Access to the inner pores is by way o f  fo u r  12 -s id ed  windows 
w i t h  a d ia m e t e r  o f  n, gS, The in n e r  c a v i t y  has a d i a m e t e r  o f  n, l l 8 . The 
metal c a t i o n ,  such as Ma"*", is l o c a t e d  w i t h i n  the c a v i t i e s  as shown in 
F ig u re  2 . By deca t  i o n i z a t i o n  o r  ion exchange,  i t  can be seen t h a t  the
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F ig u re  1. S t r u c t u r e  o f  Type X or  Type Y Z e o l i t e ,
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F ig u re  2. T h r e e -D im e n s io n a l  S t r u c t u r e  o f  S o d a l i te  U n i t .
The t r u n c a t e d  octahedron  and t h r e e  o f  the  f o u r  
hexagonal  pr isms a r e  shown t o g e t h e r  w i t h  the  c a t i o n  
s i t e s  a long  one o f  the  f o u r  t e t r a h e d r a l  axes .  The 
c a t i o n  s i t e s  a r e :  I a t  the c e n t e r  o f  a hexagonal
p r ism ,  I ' d i s p l a c e d  from a shared hexagonal  face  
i n t o  th e  s o d a l i t e  cage,  I I ' d i s p l a c e d  from an 
unshared hexagonal  face  i n t o  the s o d a l i t e  cag e,  ^
I! s l i g h t l y  d i s p l a c e d  i n t o  the  supercage ,  and I I  
d i s p la c e d  c o n s i d e r a b l y  in t o  the supercage .  From 
Smith (7)  .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
c a t a l y t i c  p r o p e r t i e s  o f  a g iv en  s t r u c t u r a l  X o r  Y f a u j a s i t e  can be 
a l t e r e d .  In a d d i t i o n ,  when i t  is  recogn ized  t h a t  the s t r u c t u r a l  f ram e­
work o f  th e  f a u j a s i t e  may be changed by such methods as steam le a c h in g  
( 8/ ,  i t  becomes a p p a r e n t  t h a t  a g r e a t  deal o f  l a t i t u d e  e x i s t s  in which to 
t a i l o r  the  f a u j a s i t e  s t r u c t u r e  f o r  a g iv en  r e a c t i o n .
I t  has been found t h a t  the i n t r o d u c t i o n  o f  Group V I M  t r a n s i t i o n  
m eta ls  i n t o  p o l y v a l e n t  o r  d e c a t i o n i z e d  f a u j a s i t e  y i e l d s  c a t a l y s t s  very  
a c t i v e  f o r  i s o m e r i z a t i o n .  I t  has been found t h a t  P d - f a u j a s i t e  en ab les  a 
50-100°C lower  te m p e ra tu r e  to  be used when compared to  c o n v e n t io n a l  
b i f u n c t i o n a l  c a t a l y s t s  ( 3 ) .  These m eta ls  p r o v id e  a h y d ro g e n a t io n  and a 
dehydrogenat ion  f u n c t i o n  d es cr ib ed  e a r l i e r .  A c a t a l y s t  such as p a l l a d i u m -  
type  Y - H - f a u j a s i t e  (Pd-H-Y)  is c a l l e d  b i f u n c t i o n a l ,  as i t  c o n ta in s  
both m e t a l l i c  and a c i d i c  s i t e s .
The method o f  p r e p a r a t i o n  o f  such c a t a l y s t s  as Pd-Na-Y and the  
e f f e c t  o f  c a t a l y s t  p r e t r e a t m e n t  p r i o r  to  use in  r e a c t i o n s  has been i n ­
v e s t i g a t e d  e x t e n s i v e l y .  T h is  is due to the l a r g e  e f f e c t  t h a t  d i f f e r e n c e s  
in p r e p a r a t i o n  can have on s t r u c t u r e  and co n seq u en t ly  on a c t i v i t y .  For  
example,  Minachev ,  e t . a l . ,  found t h a t  the method o f  i n t r o d u c t i o n  o f  the  
metal can g r e a t l y  e f f e c t  a c t i v i t y .  He found t h a t  P t - N a - Y  pre p ared  by ion  
exchange has a g r e a t e r  a c t i v i t y  than the same c a t a l y s t  p re p ared  by 
im pregnat io n  w i t h  c h l o r o p l a t i n i c  a c i d  ( 3 ) •
A f t e r  ion exchange,  the c a t a l y s t  is t y p i c a l l y  a c t i v a t e d  under  
a i r  o r  N2 Fol lowed by r e d u c t io n  in H2 to f u r t h e r  enhance i t s  a c t i v i t y ,  
s p e c i f i c a l l y  the n a t u r e  o f  the s u r f a c e  and the  m e t a l l i c  s i t e s .  I t  
is found t h a t  a c t i v i t y  in n-Cg i s o m e r i z a t i o n  f a l l s  o f f  r a p i d l y  f o r  c a t a l y s t s  
reduced a t  >380°C ( 3 ) .  A nother  study i n v e s t i g a t e d  t h e  e f f e c t  o f  p r e ­
t r e a t m e n t  o f  Pd-Ca-Y in a i r ,  N2 , and H2 ( 9 ) .  Below 250°C the Pd was found
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
not to  be s u f f i c i e n t l y  reduced by Hg and i t s  deh ydro genat ion  a c t i v i t y  was 
low. However,  when t h i s  c a t a l y s t  was subsequent ly  used in an i s o m e r i z a t i o n  
r e a c t i o n ,  the co n vers io n  in creased  d u r in g  the course o f  the 1 hour run from 
8 to  20%. Th is  i n d i c a t e s  t h a t  the  metal  was a c t i v a t e d  d u r in g  the run.
Th is  same study i n v e s t i g a t e d  the e f f e c t  o f  HCl t re a t m e n t  on the c a t a l y s t .
The c a t a l y s t  a c i d i t y  in creased  w i t h  in c r e a s in g  HCl t r e a t m e n t ,  m a in ly  as 
a r e s u l t  o f  i n c r e a s e  in the medium to s t ro n g  a c i d i c  s i t e s .
Morden i t e
M o rd en i te  is un ique among z e o l i t e s  in t h a t  the s t r u c t u r e  c o n s is t s  
o f  p a r a l l e l  e l l i p t i c a l  channels  which do not  i n t e r s e c t .  These channe ls  
have majo r  and minor  d ia m e te rs  o f  6 . 9 5  and 5-81 8 r e s p e c t i v e l y ,  as 
shown in F ig u re  3. O f  p r im a ry  i n t e r e s t  is th e  f a c t  t h a t  the e f f e c t i v e  
pore dimensions o f  m o r d e n i te  can be a d ju s t e d  by ion exchange w i t h  a c a t i o n
o f  s u i t a b l e  rad iu s  ( l O ,  11, 1 2 ) .  V o o r h i e s ,  e t .  a l . ,  found t h a t  a c id
le ach in g  o f  m o rd en i te  produces on A l - d e f i c i e n t  s t r u c t u r e  w i t h  decreased  
d i f f u s i o n a l  r e s i s t a n c e  ( 3 6 ) .  Th is  procedure  r a i s e s  the SiO^/AloOg  
r a t i o  in m o rd en i te  by e x t r a c t i n g  aluminum atoms.  I t  appears t h a t  the s i l i c a
t e t r a h e d r a  do not  r e p l a c e  the a lu mina  t e t r a h e d r a  on e x t r a c t i o n .  As
the aluminum is removed, the a c i d i t y  dec rea s e s .  However,  s in c e  decreased  
d i f f u s i o n a l  r e s i s t a n c e  r e s u l t s , t h e r e  e x i s t s  an optimum SiO z /A lg Og  
r a t i o  f o r  a g iven  r e a c t i o n .
The p r e p a r a t i o n  o f  H -m o rd e n i te  has been s t u d ie d  by s e v e r a l  
i n v e s t i g a t o r s  in o r d e r  to f i n d  optimum a c t i v a t i o n  c o n d i t i o n s .  Mai le  
and Weisz found t h a t  t r e a t m e n t  w i t h  O2 o r  H2 a t  1000°F enhances the  
a c t i v i t y  ( 1 3 ) .  Gray and Cobb found t h a t  maximum a c t i v i t y  was produced by 
c a l c i n a t i o n  a t  510°C ( 1 4 ) .  These au thors  a ls o  s t u d i e d  the e f f e c t  o f  the  
degree  o f  ion exchange o f  Group V I I I  m e t a l s .  They found t h a t  a c t i v i t y
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increases  r a p i d l y  above 80% exchange.
The n a tu re  o f  the m e t a l l i c  component o f  P d -H -M o rd en i te  was
examined by Ch ic k ,  e t  a l .  ( 2 ) .  They found t h a t  small  metal  c r y s t a l l i t e s
u n i f o r m ly  d i s t r i b u t e d  a r e  b e s t .  In H - m o r d e n i t e ,  .5  wt% Pd g ive s  about
one Pd atom per 180 R o f  pore l e n g t h .  Th is  l e v e l  appeared to  be optimum.
Braun, e t  a l . ,  s i n t e r e d  a Pt -H -M c a t a l y s t  which s im u l t a n e o u s ly  in c reas e d
the mean p a r t i c l e  s i z e  o f  the  metal  and decreased the s p e c i f i c  metal
s u r f a c e  area ( 15) .  They found t h a t  the  a c t i v i t y  per  u n i t  s u r f a c e  area
passed through a maximum a t  about  100 R metal  p a r t i c l e  s i z e .  Th is  
suppor ts  the idea o f  a " s t r u c t u r e  s e n s i t i v e "  r e a c t i o n  being  dependent
on metal  p a r t i c l e  s i z e .
Is o m e r i z a t io n  React ions
Although the  e x a c t  n a t u r e  o f  the  z e o l i t e  s u r f a c e  and the  e f f e c t s  
o f  c r y s t a l l o g r a p h i c  and phys icochemic a l  v a r i a b l e s  on r e a c t i o n  k i n e t i c s  
a r e  somewhat u n r e s o lv e d ,  s e v e r a l  aspects  have been s t u d i e d .  I t  has 
been shown t h a t  both Lewis and Bronsted a c id  s i t e s  must be p r e s e n t  and 
t h a t  optimum a c t i v i t y  r e s u l t s  when t h e r e  a re  an equal number o f  these  
s i t e s  ( 16) .  Lewis a c i d  s i t e s  a r e  e l e c t r o n  p a i r  accepto rs  a s s o c i a t e d  
w i t h  the Al atoms o f  the  f a u j a s i t e .  Bronsted a c id  s i t e s  a r e  p roton  donors 
such as H atoms which a re  in c o r p o r a t e d  i n t o  the c a t a l y s t  by ion exchange  
d es cr ib ed  in the n ex t  s e c t i o n .  In a d d i t i o n ,  i t  has been found t h a t  
in c r e a s i n g  re d u c t io n  te m p e r a tu r e  o f  d e c a t i o n i z e d  z e o l i t e  causes the  
Bronsted  s i t e s  to go through a maximum w h i l e  th e  Lewis s i t e s  b e q in t o  
in c re a s e  about 500°C ( 9 ) .  These independent r e s u l t s  cou ld e x p l a i n  why 
the a c t i v i t y  o f  f a u j a s i t e  goes through a maximum w i t h  re s p e c t  to  
red u c t io n  t e m p e r a tu r e .  In a d d i t i o n ,  t h e r e  is  such a la r g e  degree  o f  
c o o p e r a t io n  between the  a c i d i c  and m e t a l l i c  s i t e s  t h a t  the a c t i v i t y
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reaches a p o i n t  o f  d i m in is h in g  r e t u r n s  a f t e r  a c e r t a i n  metal  concen­
t r a t i o n  is reached ( 1 6 ) .  The per formance o f  th e  c a t a l y s t  is h ig h l y  
dependent on the  r a t i o  o f  a c i d i c  to m e t a l l i c  s i t e s  and on the e f f i c i e n c y  
o f  each ( 1 7 ) .  The m e t a l l i c  s i t e s ,  by t h e i r  h y d ro g en a t io n  f u n c t i o n ,  
serve  t o  keep the  a c i d i c  s i t e s  f r e e  o f  coke p r e c u rs o rs  ( 16) .
S p e c i f i c  s t u d ie s  on c a t a l y s t s  s i m i l a r  to  those used in t h is  
study  w i l l  be rev iewed n e x t .
Fau jas  i t e
F a u j a s i t e  c a t a l y s t s  in the  monovalent  c a t i o n i c  form have no
a c t i v i t y  in carbonium ion r e a c t i o n s  ( 3) .  I t  is necessary  to modify
+ +2
the  f a u j a s i t e  by ion exchange w i t h  NĤ . or  Ca , f o r  example.  I f  
NHit is used and the NH 3 is d r i v e n  o f f  by h e a t i n g ,  the "hydrogen" ,  H - , 
o r  d e c a t i o n i z e d  f a u j a s i t e  is l e f t .  T h is  form is a c t i v e  f o r  i s o m e r i z a t i o n  
r e a c t i o n s .
For i s o m e r i z a t i o n ,  the i n c o r p o r a t i o n  o f  . 5 - ^ 2 . 0  wt% Group V I I I  
m eta ls  in the monovalent  form o f  f a u j a s i t e  r e s u l t s  in a c a t a l y s t  a c t i v e  
f o r  hyd ro gen at io n  but not  f o r  i s o m e r i z a t i o n  ( 3 ) .
I t  is ap p are n t  then t h a t  a dual  f u n c t i o n  f a u j a s i t e  c a t a l y s t ,  
one w i t h  both m e t a l l i c  and a c i d i c  s i t e s ,  would be a c t i v e  f o r  i s o m e r i z a t i o n  
in a d d i t i o n  to  hav ing  the s t a b i l i t y  o f f e r e d  by the m e t a l l i c  s i t e s .  The 
m e t a l l i c  s i t e s  not  o n ly  a i d  in i s o m e r i z a t i o n  b u t  are  thought to h ydro ­
genate coke pre cu rso rs  keeping the s u r f a c e  a c t i v e  lo n ge r .
Minachev has s t u d i e d  the c o n t r i b u t i o n s  o f  the m e t a l l i c  and a c i d i c  
s i t e s  on P t -C a -X  and P t -C a -Y  a t  280 -  3 5 0 ° C , 30 atm ( 3 ) .  He examined the  
e f f e c t  o f  Pt c o n c e n t r a t io n  w h i l e  m a i n t a i n i n g  a co nstan t  a c i d i c  f u n c t i o n .  
The i s o m e r i z a t i o n  r a t e  o f  cyc lohexane in c rea se d  w i t h  Pt c o n c e n t r a t i o n
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u n t i l  above .5  wt% P t ,  the r a t e  d id  not  change w i t h  metal c o n t e n t .  T h is  
i m p l ie s  t h a t  a t  above .5  wt%, t h i s  p a r t i c u l a r  r e a c t i o n  is l i m i t e d  by 
rear rangem ent  o ccu r in g  on the a c i d i c  s i t e s .  F u r t h e r  e v id en ce  was 
o b t a i n e d  as f o l l o w s .  By isomorphic re p la cem ent  o f  Al by Si atoms in 
. 5  wt% Pd-X,  i . e .  changing Pd-X toward Pd-Y by in c r e a s i n g  the Si 02 / A i 203 
r a t i o  from 2 . 5  to 4 . 8 ,  i t  was observed t h a t  the  a c t i v i t y  f o r  n-Cg 
i s o m e r i z a t i o n  increased  s u b s t a n t i a l l y .  In c r e a s in g  S i 0 2 / A l 203 r a t i o  
corresponded to  in c r e a s i n g  a c i d i t y .  T h is  r e s u l t  thus i n d i c a t e d  t h a t  th e  
a c i d i c  s i t e  i s o m e r i z a t i o n  o f  the i n t e r m e d i a t e  o l e f i n  is r a t e  l i m i t i n g  
a t  th ese  c o n d i t i o n s .  Comparing X and Y fo rms,  i t  was found t h a t  i f  
the two have the same c r y s t a l  l a t t i c e  and metal  c o n t e n t ,  the h yd r o g e n a t in g  
a c t i v i t y  was the same, as judged by th e  hyd ro g en a t io n  o f  C2H5 . However,  
the h yd ro g en a t io n  a c t i v i t y  was h i g h l y  dependent on the metal chosen.  Pt  
was more a c t i v e  than Pd. Both Pt  and Pd were more a c t i v e  than N i .
T o p ch iev a ,  e t  a l . ,  have i n v e s t i g a t e d  th e  i s o m e r i z a t i o n  o f  n-Cg on 
Ca-H-Y a t  2 5 0 - 3 5 0 ° C ,  30 kg/cm^, and H2/n -C g  mola r  r a t i o  o f  3-5 ( 18 ) . They 
found t h a t  the  maximum y i e l d  o f  hexane isomers o c cu r red  a t  330 -3 4 0 ° C ,  
co rresp o n d in g  to  93% o f  e q u i l i b r i u m .  At  h i g h e r  t e m p e r a t u r e s ,  c r a c k in g  
became s i g n i f i c a n t  w h i l e  a t  lower tem p era tu res  the y i e l d  was lower due 
to  s lo w e r  r e a c t i o n  r a t e .  As the y i e l d  in c r e a s e d ,  the monomethyl isomer  
c o n c e n t r a t i o n ,  2 -  and 3" methyl pentane (2MP, 3MP) , decreased w h i l e  the  
dim eth y l  isomers,  2 ,  2 and 2,  3 d im eth y l  butane ( 2 , 2  DM8 , 2 , 3  0MB) 
i n c r e a s e d .  Th is  i n d i c a t e s  t h a t  secondary i s o m e r i z a t i o n  from mono to  
d im ethy l  products on the  a c i d i c  s i t e s  in c reas e s  w i t h  c o n v e rs io n .  F u r t h e r  
in c re ase s  in r e a c t i o n  tem p era tu re  beyond 330 -340°C  caused th e  i n t e r m e d i a t e s  
t o  c r a c k ,  and then h y d ro ge n a te ,  r a t h e r  than h ydrogenate  as Cg isomers.
The au thors  noted t h a t  as the t o t a l  p res su re  was decreased a t  a f i x e d
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H2/ n - C 6 r a t i o ,  the  c r a c k i n g  r a t e  i n c r e a s e d .  T h is  may be due to  d e c r e a s in g  
hydrogen p a r t i a l  p ress ure  and hence s u r f a c e  hydrogen c o n c e n t r a t i o n  which  
f a v o r e d  the  f u r t h e r  r e a c t i o n  ( c r a c k i n g )  o f  the  o l e f i n  i n t e r m e d i a t e .  The 
authors  a l s o  found t h a t  a t  30 kg/cm^,  220°C ,and  1 h r  space v e l o c i t y ,
no decrease  in a c t i v i t y  was found f o r  a p e r io d  o f  2500 h r .
Y e g i a z a r o v ,  e t  a l . ,  looked a t  Pd -H-Y  a t  3 1 0 ° - 3 9 0 ° C ,  30 atm,  and 
and H2/ n - C s  o f  3 / 1 ( 1 9 ) .  T h e i r  c a t a l y s t  had 18-20  wt% b in d e rs  used as 
mechanica l  support  f o r  the  c a t a l y s t .  They found t h a t  HCl l e a c h i n g  o f  the  
c a t a l y s t  in creased  n-Cg i s o m e r i z a t i o n  a c t i v i t y  up to  4 .8  hours t r e a t m e n t  
t im e .  They p o s t u l a t e d  t h a t  f u r t h e r  l e a c h in g  h in d e re d  the y i e l d  by r e t a r d i n g  
d e s o r p t i o n  o f  the o l e f i n  i n t e r m e d i a t e  from s t r o n g  a c i d  s i t e s  t h a t  were
c r e a t e d .  T h is  r e t a r d e d  d e s o r p t io n  a p p a r e n t l y  led to  increased  c r a c k i n g
r a t e s  which the au th ors  observed  a t  s eve re  le a c h in g  c o n d i t i o n s .  Th is  
p a r a l l e l e d  the r e s u l t s  o f  Topchieva  d iscussed  e a r l i e r  ( l 8 ) . Y e g i a z a r o v  
a l s o  found t h a t  in c r e a s in g  the space v e l o c i t y  increased  the product  se­
l e c t i v i t y  ( i s o m e r iz e d  versus  cracked  p ro d u c ts )  but  reduced o v e r a l l  y i e l d .
G a ra n in ,  e t  a l . ,  have s t u d ie d  n-Cg I s o m e r i z a t i o n  o n . 5 wt% Pd-Ca-Y
a t  3 0 0 ° - 3 6 0 ° C ,  1 to 50 atm,  1 h r  , and 3 - 2 / 1  H2/n - C s  ( 2 0 ) .  They found a
maximum i -Cg y i e l d  a t  3&0°C and 10-20  atm,  co r resp o nd in g  to 90% o f
e q u i l i b r i u m  y i e l d  o r  57 mole % 1 -0$ .  Above 360°C ,  h y d r o c ra c k in g  began,
a l th o ug h  hyd rocracked products  were less  than 2 mole %. A t  each
r e a c t i o n  te m p e ra tu r e  the i -Cg  y i e l d  passed through a maximum a t  5 -1 5  atm
t o t a l  p re ssu re  and then decreased s l o w l y .  The au th o r  s t a t e s  t h a t  as the
t o t a l  p re ssu re  is changed,  P , F \  , and the  c o n t a c t  t im e a l l  change.
n-cg  H2
A d d i t i o n a l  exper im ents  to d e te r m in e  the  e f f e c t  o f  these  th r e e  f a c t o r s
s e p a r a t e l y  showed t h a t  the i s o m e r i z a t i o n  r a t e ,  g-mole / g c a t a l y s t / h r ,
passed through a sharp maximum w i t h  re s p e c t  to Pn a t  3 atm a t  c o n s t a n t
112
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
14
P w h i l e  the  r a t e  a s y m p t o t i c a l l y  approached a l i m i t i n g  v a lu e  w i t h  re s p e c t
to  P a t  ~ 8 atm a t  co n s ta n t  P., . Up to  6 atm,  the r a t e  was l i n e a r  w i t h  
C5 H2
P , i n d i c a t i n g  f i r s t  o r d e r  k i n e t i c s ,  w i t h  z e ro  o r d e r  k i n e t i c s  above 6 atm.  
^5
The au th o rs  s t a t e d  t h a t  the i n i t i a l  low r a t e  a t  low P_ is due to coke
tl2
d e p o s i t i o n  on the c a t a l y s t  s u r f a c e .  Above 3 atm,  the hydrogen d i l u t e d
the  n-Cg feed  lo w er in g  i t s  c o n c e n t r a t i o n  and thus the o v e r a l l  r a t e .
These r e s u l t s  a r e  c o n s i s t e n t  w i t h  the  g e n e r a l l y  accepted  mechanism o f
i s o m e r i z a t i o n  on a dual  f u n c t i o n a l  c a t a l y s t .  T h is  mechanism in v o lv e s
r a p id  dehydrogenat ion  o f  the p a r a f f i n  on the  m e t a l l i c  s i t e ,  r a t e - l i m i t i n g
i s o m e r i z a t i o n  on the  a c i d i c  s i t e  fo l lo w e d  by h y d ro g en a t io n  o f  the
i s o - o l e f i n .  Thus,  the e q u i l i b r i u m  o l e f i n  c o n c e n t r a t i o n  and hence the
o v e r a l l  r a t e  depends on the i n i t i a l  p a r t i a l  p ressures  o f  the hydrogen
and h ydrocarbon .  The au thors  show t h a t  t h e i r  r e a c t i o n  r a t e  is l i n e a r
w i t h  P /Pj , over  the  range .1 -> . 3 ,  in agreement  w i t h  the assumed 
^5 M2
mechanism and the r a t e  law r = k . I t  is a l s o  im p o r ta n t  to  note  t h a t
Mc6
the  au th o r s  found no v a r i a t i o n  in r a t e  w i t h  c a t a l y s t  p a r t i c l e  s i z e  in 
the range o f  1 ^ 4  mm which i m p l ie s  t h a t  gas to p a r t i c l e  mass t r a n s f e r  
is  n o t  r a t e - a f f e c t i n g .
An i n t e r e s t i n g  study by Sot ton and Lanewala q u es t io n s  the t r a ­
d i t i o n a l  concept  o f  the o l e f i n  i n t e r m e d i a t e  in hydrocarbon i s o m e r i z a t i o n  (4)  
N o t in g  the c lo s e  s i m i l a r i t y  in the i n i t i a l  products  in the i s o m e r i z a t io n  
o f  n-Cg and the  h y d ro g e n o ly s is  o f  m e t h y lc y c l o p e n t a n e  (MCP), they propose 
a c y c l i c  i n t e r m e d i a t e  in the i s o m e r i z a t i o n  r e a c t i o n .  Using a .5 wt%
Pd-Y c a t a l y s t  a t  285°C,  500 p s i g ,  H2 /h y d r o c a rb o n  r a t i o  o f  5 - 2 0 / 1 ,  and 
2 -9 0  h r  , they  found t h a t  c r a c k in g  always  accompanied i s o m e r i z a t i o n  o f  
n-Cg,  w i t h  t y p i c a l  cracked  product  c o n c e n t r a t i o n  o f  .04 -  2 .0%. By using  
each o f  the 5 hexane isomers as i n i t i a l  feed  m a t e r i a l s  and c a r r y i n g  out
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the r e a c t i o n s  a t  d i f f e r e n t i a l  convers ion  l e v e l s ,  the au thors  s t u d ie d  the  
r e a c t i o n  paths o f  each i n t e r m e d i a t e  in the co n vers io n  o f  n-Cg. They 
p o s t u l a t e  t h e  f o l l o w i n g  r e a c t i o n  scheme based on t h e i r  r e s u l t s :
1 5
2 MP
2 ,  2 DMB
2,  3 DMB
This  scheme d i f f e r s  from the g e n e r a l l y  acce p ted  hi f u n c t i o n a l  mechanism 
due to  the  d i r e c t  fo r m a t i o n  o f  2 ,  3 DMB from n-C g,  th e  f o r m a t io n  o f  2 MP 
f rom 2 ,  2 DMB and the  absence o f  n-Cg from the p r im ary  products o f  2 MP.
A s im p le  m o le c u l a r  rearrangem ent  o f  a carbonium ion in t e r m e d i a t e  does not  
e x p l a i n  these  r e s u l t s .  A c y c l i c  r e a c t i o n  mechanism proposed by B arro n ,  
e t  a l . , ( 2 1 ) i n v o l v i n g  an MCP in t e r m e d i a t e  is u n s a t i s f a c t o r y  s in c e  i t  
does not  a l l o w  f o r  the d i r e c t  fo rm a t io n  o f  2 ,  3 DMB from n-Cg.  Since  
c r a c k i n g  accompanied each r e a c t i o n ,  the mechanism must account f o r  
c r a c k i n g  as w e l l  as I s o m e r i z a t i o n .  Based on t h e i r  r e s u l t s ,  the a u th o rs  
propose t h a t  i s o m e r i z a t i o n  and c r a c k in g  proceed through a common s u r f a c e  
t r a n s i t i o n  s t a t e  in v o l v i n g  a d j a c e n t l y  adsorbed hexane m o le c u le s .  The 
th e rm o d yn am ica l ly  fa v o re d  s i x  member r i n g  is formed i n v o l v i n g  two 
hexane m o le c u le s .  From t h i s  c o n f i g u r a t i o n ,  i t  is shown t h a t  the a l l  e x ­
p e r im e n t a l  r e s u l t s  can be accounted f o r ,  i n c l u d i n g  c r a c k in g  and i s o m e r i z a t i o n  
r e a c t i o n  p r o d u c ts .  Th is  is  c o n s i s t e n t  w i t h  the  r e s u l t s  o f  Anderson 
(22 )  who found t h a t  h y d r o c r a c k in g  and i s o m e r i z a t i o n  o c c u r r i n g  on Pt  and Pd 
f i l m s  have the same a c t i v a t i o n  energy .  B o l to n  and Lanewala conclude by
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s t a t i n g  t h a t  f u r t h e r  a n a l y s i s  o f  the hydrocracked products is needed to  
v e r i f y  t h e i r  p ro p o s a l .
Weeks, e t  a l . ,  in s tu d y in g  th e  l a b e l e d  n-CgCS-Cl^)  r e a c t i o n s  on 
. 42  wt% Pd-H-Y a t  325°C concluded t h a t  h y d r o i s o m e r i z a t i o n  occurs as a s i n g l e  
r e a c t i o n  sequence r a t h e r  than from re p ea te d  c o n t a c t  w i t h  the s u r f a c e  
In the absence o f  H2 , i t  has been shown t h a t  i s o m e r i z a t i o n  proceeds  
both through i n t r a  and i n t e r m o l e c u l a r  rear rangem ent  #4  1.  However,  
h y d r o i s o m e r i z a t i o n  was found to  be e n t i r e l y  i n t r a m o l e c u l a r .  In s t u d i e s  
c a r r i e d  o u t  to  d e te rm in e  the e f f e c t  o f  H2 on the mechanism, i t  was found  
t h a t  h y d r o i s o m e r i z a t i o n  products d i f f e r e d  s u b s t a n t i a l l y  f rom s im ple  
i so m er ized  p ro d u c ts .  The a u thors  conc lude  t h a t  a random d i s t r i b u t i o n  o f  
p roduct  r e s u l t i n g  from i s o m e r i z a t i o n  may be e x p l a i n e d  by a c y c lo p e n t y l  
i n t e r m e d i a t e  w h i l e  one a d d i t i o n a l  pathway occurs in h y d r o i s m e r i z a t i o n , 
r e s u l t i n g  in a more o rd ere d  product  d i s t r i b u t i o n .
S a i t o  and Iwasaki  s t u d ie d  n-Cg h y d r o i s o m e r i z a t i o n  a t  2 7 0 - 3 3 0 ° C ,
1 to  50 atm on .05  ~ 1.0 wt% P t - H - Y  ( 8 ) .  They examined the e f f e c t  o f  Pt  
c o n te n t  and r e a c t i o n  c o n d i t i o n s .  They found t h a t  below .3 wt% P t ,  the  
r a t e  was l i m i t e d  by d ehydrogenat io n  o f  n-Cg o r  hyd ro g en at io n  o f  i s o -  C5 
whereas above .3 wt%, rearrangem ent  on the a c i d i c  s i t e  was l i m i t i n g .  They 
p o s t u l a t e  t h a t  t h i s  rear rangem ent  occurs  on a c t i v e  Pt s i t e s  which a re  
k i n e t i c a l l y  in f l u e n c e d  by a d j a c e n t  p r o t o n i c  a c id  s i t e s .  F u r t h e r ,  they  
f e e l  t h a t  h y d r o c r a c k in g ,  which accompanies the i s o m e r i z a t i o n  r e a c t i o n ,  
takes p l a c e  on d i f f e r e n t  a c t i v e  s i t e s .  They thus conc lude t h a t  due to  
m o l e c u la r  i n f l u e n c e ,  t h e r e  is a v a r y i n g  degree o f  co o p e ra t io n  between the  
m e t a l l i c  and a c i d i c  components r e s u l t i n g  in d i f f e r e n t  types o f  a c t i v e  s i t e s  
some o f  which seem to p r e f e r e n t i a l l y  promote i s o m e r i z a t i o n  o r  c r a c k i n g .
Based on t h e i r  r e s u l t s ,  they propose the f o l l o w i n g  scheme f o r  h y d r o i s o m e r i -
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z a t i o n  and h y d ro c ra c k in g  o f  n-Cg
C l ,  n-C2 , n-Cg,  Ci  ̂ isomers neo-Cg
n-
Hydrogen-
Isomer i z a t  i on
n-Cg isomers
Di s p r o p o r t  io n a t i o n
Mordeni t e
M o rd e n i te  has the h i g h e s t  S i 02 / A l 203 r a t i o  o f  any z e o l i t e ,  10/ 1 , 
and i t  may be expected  t h a t  a h i g h e r  a c id  c a t a l y t i c  a c t i v i t y  would r e s u l t .  
Experiments  have shown t h a t  m orde n i te  is  the  most a c t i v e  c a t a l y s t  d isco ve red  
so f a r  f o r  i s o m e r i z a t i o n  o f  s a t u r a t e d  hydrocarbons (3 ) .  In a d d i t i o n ,  
m o rd e n i te  w i l l  hydrogenate  benzene a t  250°C and 30 atm c o m p le te ly  even  
w i t h o u t  Group V I I I  m eta ls  (3 ).  I t  w i l l  not dehydrogenate cyclohexane ( 2 5 ) .
ihe former  study a ls o  showed t h a t  as the  Na ion c o n c e n t r a t i o n  was 
decreased on decat  i o n i z a t i o n ,  the  h y d ro g e n a t io n  a c t i v i t y  decreased ,  im p ly ­
ing t h a t  the N a ' may have some h yd ro g e na t io n  a c t i v i t y  in m o r d e n i t e ( 3) . Group 
V I I I  m eta ls  a r e  not  necessary  f o r  p a r a f f i n  i s o m e r i z a t i o n  on H -m o rd en it e
(H-M) and t h e i r  presence has been r e p o r t e d  to  have no e f f e c t  (3) o r  to  
o n ly  in c re a s e  a c t i v i t y  s l i g h t l y  ( 2 ) .
Minachev ,  e t  a l . ,  have s tu d ie d  i s o m e r i z a t i o n  and hydrogenat io n
a c t  i vi t y  o f  H - m o r d e n i t e .  They s t a t e  t h a t  s i n c e  the f i r s t  s tep  in i s o m e r i ­
z a t i o n  on both b i f u n c t i o n a l  and metal  z e o l i t e  c a t a l y s t s  is  deh ydro genat ion  
as r e p o r t e d  by o t h e r s  ( 2 6 , 27) ,  and s in c e  i s o m e r i z a t i o n  on H-M does 
not r e q u i r e  a m e t a l ,  an o th e r  type o f  mechanism is i n d i c a t e d .  They 
p o s t u l a t e  t h a t  i s o m e r i z a t i o n  occurs w i t h o u t  a dehydro genat io n  s t e p .
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S p e c i f i c a l l y ,  f o r  n-Cg i s o m e r i z a t i o n
k l
n -CsHiz  + H-M ^  n-Cg H j i - M  + H2 ( 0
k _ l
l<2
n-Cg H11 -M i -C g  H i i ' M  (2)
k_2
kg
i-Cg  Hi I ' M  + H 2 ±  i -Cg Hi2 + H-M. (3)
k -3
I f  ( 2 ) is r a t e  d e t e rm in g ,  the au th o rs  show t h a t  the r a t e  is r e p re s e n te d  
by
 ̂ g-mole _ 
g - c a t - h  r
%  "3 '“h .
p p
n-Cg I i -Cg
+ Ki
where K. is the e q u i l i b r i u m  c o n s t a n t  f o r  r e a c t i o n  i .  Th is  r a t e  e x ­
p re s s io n  im p l ies  t h a t  the dependence o f  the r a t e  on /P  „ takes the
H2 n-Cg
form o f  a Langmuir  is o the rm .  Exper im enta l  r e s u l t s  agreed  w i t h  t h i s  model .  
They a l s o  s t u d ie d  th e  a c t i v i t y  o f  o t h e r  c a t i o n i c  forms o f  m o r d e n i t e ,  namely 
L i ,  Na, Mg, Ca, Cd, and A I . They found t h a t  H-M had much h i g h e r  a c t i v i t y ,  
as measured by c yc lo hexa ne  i s o m e r i z a t i o n , t h a n  any o t h e r  form. Th is  may 
have been due to  r e d u c t io n  o f  the e f f e c t i v e  pore d ia m e t e r  due to the s i z e  
o f  the c a t i o n s  w i t h  r e s p e c t  to the  H form.
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C h ick ,  e t  a l . ,  i n v e s t i g a t e d  d e a c t i v a t i o n  o f  1 2 . 5 /1  SiOgYAlgOg
H-M d u r in g  n-Cg i s o m e r i z a t i o n  a t  250°C ,  and o f  1 atm ( 2 ) ,  v a r y i n g
"2
amounts o f  Pd from .106  1 .4 7  wt%. E a r l i e r  q u a l i t a t i v e  r e s u l t s  had
shown t h a t  metal  f r e e  H-M d e a c t i v a t e s  r a p i d l y  whereas h igh  P_ o r  the  
a d d i t i o n  o f  a noble metal  s t a b l i z e s  the  c a t a l y s t  ( 2 8 - 3 3 ) -  • Noble metal  
a d d i t i o n  was a l s o  known to  decrease c r a c k in g  a c t i v i t y  ( 3 2 , 3 4 , 3 5 ) .  The
a u t h o r ' s  e x p e r im e n ta l  r e s u l t s  showed t h a t  on metal  f r e e  H-M, the r a t e  o f  
c r a c k in g  was i n i t i a l l y  high  but  decreased r a p i d l y .  In c r e a s i n g  the Pd 
c o n ten t  in s tages  to .7 wt% caused the c r a c k in g  r a t e  to  d ecrease  and th e  
i s o m e r i z a t i o n  r a t e  to  in c r e a s e .  I t  was noted t h a t  above .1 wt% Pd, no 
o l e f i n s  were formed a l th o ug h  s i g n i f i c a n t  was p re s e n t  below .1 wt%.
This  r e f l e c t s  th e  h y d ro g e n a t io n  a c t i v i t y  o f  the Pd. The au thors  found t h a t
the d e a c t i v a t i o n  b e h a v io r  f o r  both c r a c k in g  and i s o m e r i z a t i o n  could  be
r e p res en ted  by R = exp ( - A u t )  where
R = r e a c t i o n  r a t e  ( f o r  c r a c k i n g ,  j = c ;  f o r  i s o m e r i z a t i o n ,  j = i )
R = i n i t i a l  r e a c t i o n  r a t e  o
t = t ime on s tream  
Aj = d e a c t i v a t i o n  t ime co nstan t
Thus,  d e a c t i v a t i o n  d u r in g  both r e a c t i o n s  could  be compared us ing A j  •
and A. both decreased r a p i d l y  up to .5 -  -6 wt% Pd and changed 
l i t t l e  t h e r e a f t e r  w i t h  Pd c o n t e n t .  The o v e r a l l  d e a c t i v a t i o n  r a t e  
in crease d  r a p i d l y  w i t h  c r a c k i n g  r a t e  and the a s s o c ia t e d  d e p o s i t i o n  o f  
coke on the c a t a l y s t .  The a d d i t i o n  o f  Pd r e s u l t e d  in a sharp  d ecrease  in 
c r a c k in g  r a t e  and thus d e a c t i v a t i o n .  Thus,  c r a c k in g  r a t e  was 
d i r e c t l y  r e l a t e d  to  d e a c t i v a t i o n  r a t e ,  The a u th o rs  s t a t e d  t h a t  t h i s  was
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due to  p o l y m e r i z a t i o n  o f  o l e f i n i c  p roducts  r e s u l t i n g  in coke.  Th is  coke 
blocked  the  pores o f  the  c a t a l y s t  and i n h i b i t e d  a c t i v i t y .  By c o n t r a s t ,  
the  r e l a t i v e l y  s lo w er  d e a c t i v a t i o n  observed  in i s o m e r i z a t i o n  was a t t r i ­
buted to slow p o is o n in g  o f  th e  a c t i v e  s i t e s .  The au thors  propose t h a t  
s in c e  the  i s o m e r i z a t i o n  r a t e  in c reas e s  w i t h  Pd c o n t e n t  and the  c r a c k in g  
r a t e  decrea s es ,  i s o m e r i z a t i o n  proceeds in d e p e n d e n t ly  but  p a r a l l e l  to  
c r a c k i n g .  Crack in g  n o r m a l l y  produces a smal l  q u a n t i t y  o f  coke or  coke 
p r e c u r s o r s  which a r e  not  hydrogenated  a t  th e  Pd s i t e s .  By a c t i n g  to  
reduce the  c r a c k i n g  r a t e ,  the Pd s i t e s  thus s t a b i l i z e  the c a t a l y s t .
The s t a b i l i t y  g iv en  by Pd is  thus the r e s u l t  o f  a r e d u c t io n  o f  c r a c k in g  
r a t e  r a t h e r  than d i r e c t  h y d ro g e n a t io n  o f  coke o r  coke p re c u rs o rs  or  
the e s t a b l i s h m e n t  o f  more f a v o r a b l e  o l e f i n - p a r a f f i n  carbonium ion r a t i o s .  
P a r a f f i n  r e a c t i o n  is  thought  to  beg in  w i t h  h y d r id e  a b s t r a c t i o n  a t  a Lewis  
a c id  s i t e  or  p r o t o n a t i o n  a t  s t ro n g  a c id  s i t e s ,  perhaps a d j a c e n t  to Lewis  
a c id  s i t e s .  The au th o rs  p o s t u l a t e  t h a t  su ppress io n  o f  c r a c k in g  and 
d e a c t i v a t i o n  by the  a d d i t i o n  o f  Pd may r e s u l t  from a re d u c t i o n  in the  
number o r  s t r e n g t h  o f  these  s i t e s .  Suppress ion o f  c r a c k in g  may a ls o  
r e s u l t  from a r e d u c t io n  in carbonium ion l i f e t i m e  a s s o c ia t e d  w i t h  a 
g r e a t e r  r e a c t i v i t y  o f  hydrogen in the presence o f  Pd. T h is  is not  s im ply  
an o c c u p a t io n  o f  the a c i d i c  s i t e s  by Pd s in ce  increased Hg/n-Cg r a t i o s  led  
to  reduced c r a c k in g  r a t e s  and inc rea se d  i s o m e r i z a t i o n  r a t e s .  W hi le  the  
authors  do not  r u l e  o u t  the  g e n e r a l l y  accepted  b i f u n c t i o n a l  mechanism, they  
suggest  t h a t  d e a c t i v a t i o n  is  a d i r e c t  r e s u l t  o f  c r a c k in g ,  i . e ,  the a d d i ­
t io n  o f  Pd reduces th e  d e a c t i v a t i o n  r a t e  by reduc in g  c r a c k in g  r a t e  r a t h e r  
than by h y d ro g e n a t io n  o f  coke or  coke p r e c u r s o r s .  Thus,  Pd g r e a t l y  
in f lu e n c e s  the  s u r f a c e  a c i d  p r o p e r t i e s  and may be used to a l t e r  the  
c a t a l y s t  s e l e c t i v i t y .
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The e f f e c t  o f  s u r f a c e  a c i d i t y  as in f l u e n c e d  by S i0 2 /A l2 Û 3  r a t i o  
has been i n v e s t i g a t e d .  I t  has been shown by Beecher and Voorh ies  t h a t  
a c i d  e x t r a c t e d  H-M w i t h  a S i 0 2 / A l 203 o f  64 /1  has in creased  a c t i v i t y  f o r
c r a c k in g  o f  cumene and h y d ro c ra c k in g  o f  n-C^Q and decal  in ( 3 6 ) .  W e l l e r  
and Bauer showed t h a t  n-Cg c r a c k in g  a c t i v i t y  increase d  w i t h  S i 02 / A l 203 
up to  1 7 . 5/1 ( 6 6 ) .  However,  Kran ich  has r e p o r t e d  t h a t  a t  high r a t i o s ,  
th e  removal o f  aluminum r e s u l t e d  in a loss o f  cumene c r a c k in g  a c t i v i t y  (37)  
V o o r h i e s ,  e t  a l . ,  i n v e s t i g a t e d  the e f f e c t  o f  S i 02 / A l 203 r a t i o  on the  
p r o p e r t i e s  o f  m o rd en i te  by s tu d y in g  the h y d r o i s o m e r i z a t i o n  o f  n-Cg as w e l l  
as p h y s ic a l  and a d s o r p t io n  c h a r a c t e r i s t i c s  o f  th e  m o d i f i e d  c a t a l y s t s  ( 38) .  
They found t h a t  the u n i t  c e l l  o f  a 66/1  H-M was s m a l l e r  than f o r  a 12/1 
c a t a l y s t .  T h is  may be expected  due to the s h o r t e r  S i - 0  bond l e n g t h .  T h e i r  
r e s u l t s  show t h a t  a c i d i t y  is the dominant f a c t o r  in d e t e r m in in g  n-Cg 
h y d r o i s o m e r i z a t i o n  a c t i v i t y .  The a u thors  were a b le  to c o r r e l a t e  a c i d i t y ,  
as measured by NH3 a d s o r p t i o n ,  w i t h  i s o m e r i z a t i o n  a c t i v i t y .  W h i le  the  
changes in pore s t r u c t u r e  a s s o c ia t e d  w i t h  in c re ase d  a c i d i t y  had no e f f e c t  
on n-Cg i s o m e r i z a t i o n ,  i t  was proposed t h a t  the  s m a l l e r  pores may i n h i b i t  
the  r e a c t i o n  o f  a l a r g e r  m o le c u le .  R e la te d  work by Voorh ies  and Beecher  
( 36 ) on cyc lohexane and n-Cg h y d r o i s o m e r i z a t i o n  showed t h a t  the i s o m e r i ­
z a t i o n  a c t i v i t y  i n i t i a l l y  increased and then decreased w i t h  S i 02 / A l 203 
r a t i o .  T h i s  maximum o f  a c t i v i t y  may be r e l a t e d  to  a r e d u c t io n  in a c id  
s i t e s  w i t h  a r e d u c t io n  in alumina c o n t e n t  f o r  a c id  e x t r a c t e d  m o r d e n i te s .  
Though no i n t r a p a r t i c l e  d i f f u s i o n  l i m i t a t i o n s  were noted on the s tan d ard  
1 0 . 8 /1 m o r d e n i t e ,  the a c t i v a t i o n  energy f o r  cyc lo h e xa n e  decreased  w i t h  
i n c r e a s i n g  S i 0 2 / A l 203 r a t i o .  T h is  may have been due to p o s s i b l e  i n t r a p o r e  
s t r u c t u r a l  o r  chemical  changes,  noted e a r l i e r  ( 37 ) on a s i m i l a r  c a t a l y s t ,  
which caused mass t r a n s f e r  r e s i s t a n c e .  I t  has been noted t h a t  the
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i n t e r a c t i o n  o f  s u r f a c e  a c i d i t y  and pore a c c e s s i b i l i t y  may account  f o r  
c o n f l i c t i n g  r e p o r t s  on the  e f f e c t  o f  a lumina d e f i c i e n c y  on c a t a l y t i c  
a c t i v i t y  ( 3 7 ) .  The a u th o rs  were a b le  to r e p r e s e n t  t h e i r  r a t e  co n s ta n t  
w i t h  a Langmuir-H inshelwood dual s i t e  a d s o r p t io n  model .
Lopez ,  e t  a l . ,  s tu d ie d  c r a c k in g  and i s o m e r i z a t i o n  o f  n-Cg on 
H-M and .6 wt% Pt -H -M  a t  250 and 400°C ( 3 9 ) .  A t  400°C on H-M, no 
i s o m e r i z a t i o n  was observed and the s e l e c t i v i t y  was t h a t  which was p r e ­
d i c t e d  from the c l a s s i c a l  dual f u n c t i o n  th e o r y  w i t h  a d s o r p t i o n - d e s o r p -  
t i o n  as th e  r a t e  d e t e r m in in g  s t e p .  At  250°C on H-M, i s o m e r i z a t i o n  and 
c ra c k in g  ra t e s  were a p p r o x im a t e ly  e q u a l .  No o l e f i n s  were observed a t  250°C 
w h i l e  s u b s t a n t i a l  o l e f i n s  were p r e s e n t  a t  400°C .  On P t -H -M ,  i s o m e r i z a t i o n  
and c r a c k in g  o c c u r re d  a t  both tem pera tures  i n d i c a t i n g  t h a t  th e  r a t e  con­
t r o l l i n g  step  was i s o m e r i z a t i o n  and 6 - s c i s s i o n  o f  t h e  i n t e r m e d i a t e  carb o n ­
ium io n .  They propose the  f o l l o w i n g  r e a c t i o n  scheme f o r  n-Cg c r a c k in g  
and i s o m e r i z a t i o n  o f  n-Cg:









where 1 £  x _< 4 .
The a u th o rs  conclude  t h a t  the c l a s s i c a l  carbonium ion mechanism 
is c o n s i s t e n t  w i t h  r e s u l t s  on both c a t a l y s t s .  At  400°C,  the fo rm a t io n  and 
d e s o rp t io n  o f  carbonium ions is r a t e  d e t e r m i n in g .  I s o m e r i z a t i o n  does not
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occur s in c e  i t  is slow r e l a t i v e  to s c i s s i o n .  D ecreas ing  th e  te m p e r a tu re  o r  
adding Pt  improves the  a d s o r p t io n  and d e s o r p t io n  r a t e  o f  th e  i n t e r m e d i a t e  
and fa vo rs  i s o m e r i z a t i o n  o v e r  c r a c k i n g .
Comparison o f  M o r d e n i t e  and F a u j a s i t e
S evera l  s t u d i e s  comparing the  a c t i v i t y  and p r o p e r t i e s  o f  m o rd e n i te  
and f a u j a s i t e  c a t a l y s t s  have been c a r r i e d  o u t .  Gray and Cobb s t a t e  t h a t  
the a c t i v e  s i t e s  o f  m o rd e n i te  a re  s i m i l a r  to t h e i r  f a u j a s i t e  c o u n t e r ­
p a r ts  ( 4 p ) .  D e s p i te  s i m i l a r i t i e s ,  each has i t s  own p e c u l i a r i t i e s .  For  
example,  s t e r i c  e f f e c t s  a r e  more pronounced on m o rd en i te  s in c e  i t  has 
a s m a l l e r  pore s i z e  than type  Y ( 2 5 , 4 1 , 4 2 , 4 3 ) .  A d d i t i o n  o f  a noble  metal  
does not  i n c r e a s e  n-Cg i s o m e r i z a t i o n  a c t i v i t y  on H-M as i t  does on H-Y 
( 2 5 , 3 3 , 3 5 , 4 3 - 4 5 ) .  P e t t i n g  and Schoeneberger examined th e  i n f l u e n c e  o f  
s t r u c t u r a l  parameters  o f  H-M and Ca-Y on the a c t i v i t y  and s e l e c t i v i t y  in 
n-Cg and n-Cg h y d r o i s o m e r i z a t i o n  ( 15) .  The H-M was found to have 7 - 8  8 p r im ary  
and 10 ,000  X secondary pore d iam eters  w h i l e  Ca-Y had 9 % and 4000 K d i a ­
meters r e s p e c t i v e l y .  These p r o p e r t i e s  were found to be u n a l t e r e d  a f t e r  
metal l o a d in g .  The a u tho rs  d e f i n e d  a c t i v i t y  as the te m p e ra tu r e  de ­
pendence o f  the co n ve rs io n  and s e l e c t i v i t y  as the f r a c t i o n  o f  isomers o f  
the t o t a l  c o n v e r s io n .  Var io u s  c a t i o n s ;  Re, N i ,  Ru, Rh, Pd, P t ,  were  
s e le c t e d  to d e te rm in e  the e f f e c t  o f  the metal  type on a c t i v i t y  and 
s e l e c t i v i t y .  Pd and Pt had the  h i g h e s t  i s o m e r i z a t i o n  s e l e c t i v i t y  w h i l e  
Re had the h i g h e s t  a c t i v i t y .  Ru, Rh, and Ni had h igh i n i t i a l  h yd ro ­
gen at in g  a c t i v i t y  but  a ls o  had high d e a c t i v a t i o n  r a t e s .  P t-H -M had a 
h ig h e r  n-Cg i s o m e r i z a t i o n  a c t i v i t y  than Pd-H-M w h i l e  t h i s  o r d e r  o f  metal  
i n f l u e n c e  was re vers e d  on Ca-Y.  N i -H-M was found to be a c t i v e  f o r  c r a c k in g  
as was N i - C a - Y .  However,  on N i - C a -Y ,  the  m a jo r  pro duct  was CHi+ w h i l e  on
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N i -H-M,  C3 and Ci+ isomers were the  main p r o d u c ts .  Th is  agrees w i t h  the  
r e s u l t s  o f  Boudar t  ( 4 6 ) ,  and may r e f l e c t  the  h i g h e r  a c i d i t y  o f  H-M a s s o c i a t e d  
w i t h  i t s  h ig h e r  S i 02 / A l 203 r a t i o .  In examing the e f f e c t  o f  c a t a l y s t  type  
a t  the same metal l o a d in g .  P e t t i n g  and Schoeneberger found t h a t  P t-H-M  
had an a c t i v i t y  and s e l e c t i v i t y  a t  5 2 3 “ 583°K t h a t  P t -C a -Y  d id  not  e x h i b i t  
u n t i l  613“ 693°K .  Th is  was t r u e  f o r  both n-Cg and n-Cg i s o m e r i z a t i o n
The au thors  suggested t h a t  t h i s  was ,due to a secondary pore r e s i s ­
tance i . e . ,  t h a t  a s s o c ia t e d  w i t h  the spaces between z e o l i t e  c r y s t a l s ,  on 
P t -C a -Y  • The e f f e c t i v e n e s s  f a c t o r  was found to  decrease  w i t h  c a t a l y s t  
p a r t i c l e  s i z e  r e s u l t i n g  in a decrease  in a p p a r e n t  a c t i v a t i o n  energy  
f rom 97 to 67 k J / g - m o l e .  The a u th o rs  found t h a t  P t -H -M had a h i g h e r  
a c t i v i t y  a t  lov; tem p era tu res  than d id  P t - C a - Y .
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E xper im enta l  Procedure
The equipment d e s c r ib e d  is l o c a t e d  in th e  Pe tro leum P rocess in g  
L a b o r a t o ry  o f  the Chemical E n g in e e r in g  Department o f  L o u is ia n a  S t a t e  
U n i v e r s i t y  in Baton Rouge. The equipment was o b t a in e d  p r i m a r i l y  th rough  
d o n a t io n  o f  ap pa ra tu s  o r  funds by Exxon Research and Development Labs 
in Baton Rouge. The .5% Pd-H-M c a t a l y s t  used in  t h i s  s tu d y ,  batch L J J - 2 8 9 , 
as w e l l  as the  -5% P d - H - Y , a  p h y s ic a l  m i x t u r e  o f  two i d e n t i c a l l y  p repared  
batches HJE-243 and HJE-244 ,  were p ro v id ed  by Exxon Labs.
A schem at ic  f l o w  diagram o f  th e  equipment is shown in 
F ig u re  4 . W ith  th e  e x c e p t io n  o f  th e  hydrocarbon feed pumps, gas 
c y l i n d e r s ,  and c o n t r o l  panel board ,  th e  equipment was lo c a te d  in a 
w a l k - i n  hood w i t h  a 3000 CFH exhau st  fan  and s l i d i n g  s a f e t y  g las s  window.  
The gas c y l i n d e r s ,  c o n t a i n i n g  high p u r i t y  e l e c t r o l y t i c  hydrogen,  were  
l o c a t e d  re m o te ly  from the  l a b o r a t o r y .
The hydrogen was fed through  a P d - A l203 c a t a l y s t  bed m a in t a in e d  
a t  350°F  by t h e r m o s t a t i c  c o n t r o l  to  c o n v e r t  any O2 in the stream to  
H2O. The w a t e r  was su b seq u en t ly  removed in beds c o n t a i n i n g  3A m o le c u l a r  
s ie v e s  and i n d i c a t i n g  Dr 1 e r i te  d e s i c c a n t .
Hydrogen f l o w  was r e g u la t e d  by a Foxboro f lo w  c o n t r o l  v a l v e  
coupled w i t h  an i n d i c a t i n g  f lo w  c o n t r o l l e r  lo c a t e d  on the  p a n e l .  A 
Foxboro DP c e l l  equipped w i t h  a . 0 0 6 - in .  i n t e g r a l  o r i f i c e  was used to  
measure th e  H2 f lo w  and p ro v id e  an in p u t  s ig n a l  to  the f lo w  c o n t r o l l e r .
A Matheson press ure  r e g u l a t o r  assured a r e l a t i v e l y  co n s ta n t  hydrogen  
supp ly  p r ess u re  im m ed ia te ly  upstream o f  th e  c o n t r o l  v a l v e .  A M i t y - M i t e  
back pres su re  r e g u l a t o r  prov ided  a c o n s t a n t  p re s s u re  downstream o f  th e  
o r i f i c e .
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T h ree  hydrocarbon feed pumps were used t o  feed n-Cg,  n-Cg,  
and m ix t u r e s  to  th e  r e a c t o r .  The n-Cg and n-Cg were  P h i l l i p s  reagent  
grade (99^  mole % minimum) m a t e r i a l s .  Gas c h ro m ato g rap h ic  a n a l y s i s  
co nf irm ed  t h e i r  p u r i t y .  The feed pumps were p o s i t i v e  d is p la c e m e nt  Ruska 
pumps, each having a 250 cc c a p a c i t y .  The feed  r a t e  co uld  be v a r i e d  
from 2 t o  240 c c / h r  by changing gears in the  d r i v e  system. The motors  
f o r  th es e  pumps were  e x p lo s io n  p r o o f .
The r e a c t o r  was a f i x e d  bed t u b l a r  t y p e .  F ig u r e  5 shows a 
d e t a i l e d  cross  s e c t i o n  o f  th e  r e a c t o r  w i t h  c a t a l y s t  in p l a c e .  The r e a c t o r  
is made o f  % - in .s c h  80 Inconel  p ip e  w i t h  a 40 cc c a p a c i t y .  The c a t a l y s t  
was p h y s i c a l l y  mixed w i t h  i n e r t  m u l l i t e  to  av o id  hot  spots in th e  c a t a l y s t  
bed by enhancing hea t  t r a n s f e r .  The volume o f  th e  c a t a l y s t  p lus m u l l i t e  
charges was 10 cc .  T h is  charge was lo c a te d  between g la s s  wool plugs  
which f i l l e d  th e  rem ain in g  r e a c t o r  volume.  A s i n g l e  i ro n  constantan  
thermocouple  lo c a t e d  in the  m id d le  o f  the  c a t a l y s t  charge  was used to  
m o n i to r  th e  r e a c t i o n  t e m p e r a t u re .  The r e a c t o r  was s e a le d  using  a 
r e p l a c e a b l e  s t e e l  0 - r i n g  he ld  in p la c e  by a t e m p e r a t u r e  compensat ing  
co u p l i  n g .
An a i r - f 1u i d i z e d  sand b a th ,  heated  by s i x  500 w a t t  s t r i p  h e a t e r s  
surround in g  th e  submerged r e a c t o r  was used to  c o n t r o l  t h e  r e a c t i o n  
te m p e r a t u re .  The a i r  f l u i d i z i n g  r a t e  was c o n t r o l l e d  by a r o t a m e t e r .
Three  o f  the  s t r i p  h e a t e r s  were c o n t r o l l e d  m an ua l ly  by a V a r i a c  r h e o s t a t  
w h i l e  th e  rem ain in g  t h r e e  were c o n t r o l l e d  a u t o m a t i c a l l y  by a Eurotherm  
t e m p e r a tu r e  c o n t r o l l e r .  Both the  V a r i a c  and Eurotherm c o n t r o l s  were  
lo c a te d  on th e  p a n e l .  The sandbath te m p e ra tu r e  was m onit ored  by an i r o n -  
constantan  th erm o cou p le ,  which pro v id ed  in put  to  the  Eurotherm c o n t r o l l e r ,
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l o c a te d  in a t o p - e n t e r i n g  th e r m o w e l l .  The r e a c t o r ,  san d b ath ,  and 
o t h e r  r o u t i n e l y  m o nit ored  tem p era tu re s  were d is p la y e d  on a D o r ic  d i g i t a l  
t em p e ra tu re  i n d i c a t o r  lo c a te d  on th e  p a n e l .  A West Guardsman t e m p e ra t u re  
s a f e t y  d e v ic e  lo c a t e d  on th e  panel shut  o f f  hydrogen and hydrocarbon  
f lows and sandbath hea t  in th e  event  o f  an unsafe  r e a c t o r  t e m p e r a t u r e .
The hydrocarbon l i q u i d  feed  was mixed w i t h  th e  hydrogen,  
f u l l y  v a p o r i z e d ,  and brought  to  th e  r e a c t o r  t e m p e r a t u re  by pass ing  
through a c o i l e d  l e n g t h  o f  tu b in g  submersed in the  sandbath .  The r e a c t o r  
p ressu re  was se t  and c o n t r o l l e d  by a M i t y - M i t e  back p re s s u r e  r e g u l a t o r  
downstream o f  th e  r e a c t o r .  P ressure  gauges 0 -1 0 0 0  p s i g ,  were lo c a te d  
a t  the  r e a c t o r  i n l e t  and e x i t  to  m o n i to r  r e a c t o r  p re s s u r e .  Mercoid  
p ressu re  switches  f o r  s h u t t i n g  o f f  hydrogen and hydrocarbon feeds as 
w e l l  as sandbath hea t  in t h e  event  o f  e x c e s s i v e l y  lo w /h ig h  a i r  supp ly  
p res su re  o r  l o w /h ig h  r e a c t o r  p ress ure  were lo c a te d  in t h e  hood. The 
r e a c t o r  was a ls o  p r o t e c t e d  by a 1000 ps ig  p ressu re  r e l i e f  v a l v e .
Since  the  dew p o i n t  o f  th e  r e a c t o r  e f f l u e n t  gas was w e l l  below  
ambient  te m p e r a t u r e ,  th e  product  gas was measured and sampled as f o l l o w s .
The e f f l u e n t  was passed through a c o u n t e r f l o w  f i x e d  bed Rashig r in g  w a t e r
3
s a t u r a t o r  and then through a .05  f t  / r e v .  wet t e s t  m e te r .  The gas was 
then vented through t h e  exhau st  fan to  the  atmosphere .  The gas was 
sampled f o r  GC a n a l y s i s  through a septum lo c a te d  between th e  r e a c t o r  
o u t l e t  and th e  w a t e r  s a t u r a t o r .  Glass s y r in g e s  used to  e x t r a c t  samples 
were Tef lon  s ea led  and gas t i g h t .  The r e a c t o r  e f f l u e n t  gas was a n a lyz ed  
on a dual column P e r k i n - E l m e r  model 990 gas chromatograph equipped w i t h  
hot w i r e  d e t e c t o r s .  The column was 10 f o o t  by 1 / 4 - inch aluminum 
tu b in g  packed w i t h  20% Ucon HB-280X on 6 0 / 8 0  Chromasorb W. I n t e g r a t i o n
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o f  the  peaks was c a r r i e d  out  on a V a r ia n  CDS I I I  i n t e g r a t o r  and recorded
on a V a r ia n  9176 r e c o r d e r .  P r o p o r t i o n a l i t y  co n s ta n ts  r e l a t i n g  peak 
areas  to  mole f r a c t i o n s  were o b t a i n e d  from a pre v ious  study (33)  and 
confi rmed  in t h i s  s tu d y .  These f a c t o r s  a r e  shown in \Appendix 1. 
C a t a l y s t  P r e p a r a t io n
The c a t a l y s t  used in t h i s  study  was prepared  f o r  use in the  
i s o m e r i z a t io n  s t u d i e s  as f o l l o w s :
1. About 100 cc o f  t h e  c a t a l y s t  was p laced in a 
q u a r t z  g las s  open c o n t a i n e r  which was then p laced  in
a 2 - i n c h  O.D. g la s s  tu b e .  Th is  g lass  tube lay i n s i d e  a 
h o r i z o n t a l  e l e c t r i c  oven w i t h  both ends e x ten d in g  pas t  th e  
ends o f  th e  f u r n a c e .
2.  An i r o n - c o n s t a n t a n  thermocouple  was in s e r t e d  through  
one end o f  the  g la s s  tube and re s t e d  in th e  c a t a l y s t  
charge to  measure i t s  t e m p e r a t u r e .
3. A i r  f lo w  over  th e  c a t a l y s t  was begun as soon as h e a t in g  
s t a r t e d .  The a i r  served  to  remove m o is tu re  from the  
c a l c i n i n g  c a t a l y s t .  The a i r  was t r e a t e d  to  remove any 
t r a c e s  o f  hydrocarbons by passing i t  through a copper  
o x id e  c a t a l y s t  bed a t  1000°F .  The a i r  was then d r i e d  by 
passing through 13 X m o le c u la r  s ie v e s  and i n d i c a t i n g  
D r i e r i t e  b e f o r e  e n t e r i n g  th e  oven.  The a i r  f lo w  r a t e  was 
c o n t r o l l e d  by a r o t a m e t e r .
k .  The te m p e ra tu r e  o f  th e  oven was programmed as f o l l o w s :
a.  In c re ase  from ambient  to  350°F  a t  a maximum r a t e  
o f  1 0 0 ° F / h r .
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b. M a i n t a i n  a t  350°F  f o r  16 hours.
c.  In c re a s e  from 350°F  to  1000°F  a t  a maximum r a t e  
o f  1 2 5 ° F / h r .
d.  M a i n t a i n  a t  1000°F f o r  3 hours .
e .  Cool to  350°F as r a p i d l y  as p r a c t i c a l .
5.  The t e m p e r a t u re  was m o nit ored  by a D o r ic  d i g i t a l  t e m p e ra tu re  
i n d i c a t o r .  The hot  c a l c i n e d  c a t a l y s t  was p laced in a 
d e s i c c a t o r  to  cool to ambient  t e m p e ra t u r e .  The c a t a l y s t  
was s t o r e d  in th e  d e s s i c a t o r  u n t i l  needed.
6 . I n e r t  m u l l i t e  used to  d i l u t e  the  c a t a l y s t  charges was 
c a l c i n e d  in an open ceram ic  d ish  in a m u f f l e  fu r n a c e  a t  
1000°F f o r  24 hours .  The c a l c i n e d  m u l l i t e  was cooled
to  350°F  a t  ambient  c o n d i t i o n s  and s t o re d  in a d e s i c c a t o r  
f o r  l a t e r  use.
C a t a l y s t  Loading
The c a t a l y s t  was weighed w i t h  a M e t t l e r  a n a l y t i c a l  ba lance  and 
mixed w i t h  s u f f i c i e n t  m u l l i t e  to make 10 cc volume.  The r e a c t o r  was 
charged w i t h  a s e c t i o n  o f  g la s s  wool and then the c a t a l y s t  m ix t u r e  
was p laced  in th e  r e a c t o r .  A second s e c t io n  o f  g la s s  wool was i n s e r t e d  
behind  th e  c a t a l y s t  ch arg e .  The r e a c t o r  was sea le d  us ing a te m p e ra tu re  
compensat ing c o u p l in g  and a s t e e l  0 - r i n g  coated  w i t h  copper based 
a n t i - s e i z e  compound. The r e a c t o r  was p re s s u r e  t e s t e d  w i t h  hydrogen a t  a 
p r e s s u re  a t  l e a s t  50% h ig h e r  than the  run p r e s s u r e .  I t  was then de­
p r e s s u r i z e d ,  p laced  in the  sandbath ,  and connected t o  the  feed  and product  
l i n e s .  The r e a c t o r  was then checked a t  the  run pres su re  f o r  any leaks  
in the co n n ec t in g  l i n e s .  The sandbath was then heated r a p i d l y  to  46S°F
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w i t h  hydrogen f l o w i n g  through the  r e a c t o r .  T h is  a c t i v a t i o n  o f  th e  
c a t a l y s t  was c a r r i e d  out  f o r  1 / 2  hour t o  reduce th e  noble  metal  im­
pregnated  in the c a t a l y s t .
Run Procedure
The runs were c a r r i e d  out  as f o l l o w s :
1. The hydrogen f lo w  r a t e  was s e t  on t h e  a u to m a t ic  f lo w
c o n t r o l  1e r .
2 .  A f t e r  about  15 minutes f o r  e q u i l i b r a t i o n ,  the  f lo w  r a t e  
was measured on the  wet  t e s t  m ete r  and recorded.
3.  Pure pentane was fed  to  th e  r e a c t o r  using  a p o s i t i v e
d is p lac em e nt  pump. M i x t u r e s  o f  pentane and hexane were 
fed from a second pump. These m ix t u r e s  were prepared  
using v o l u m e t r i c  f l a s k s  and p i p e t t e s .  Pure hexane
was fed from a t h i r d  pump.
4 .  The runs were made in the  f o l l o w i n g  o r d e r ;  pure pentane ,  
m i x t u r e s ,  pure hexane,  then a r e p e a t  pure pentane run to  
d e te rm in e  i f  t h e r e  had been any c a t a l y s t  d e a c t i v a t i o n .
None was found in any run on e i t h e r  c a t a l y s t .
5 .  For each run,  a m a t e r i a l  b a lance  was made a f t e r  3 / 4  to
1 hour on fee d .  T h is  was done by n o t in g  the hydrocarbon  
feed r a t e ,  r e a c t o r  e f f l u e n t  f lo w  r a t e ,  and r e a c t o r  e f f l u e n t  
c o m pos it io n .  The m a t e r i a l  b a la n c e  procedure  is o u t l i n e d  
in Appendix 1 .
6 . Gas samples were taken a f t e r  th e  3 / 4  to  1 hour e q u i l i b r a t i o n  
p e r io d  and a n a ly zed  on th e  gas ch ro m ato g rap h .
7. A f t e r  o b t a i n i n g  the  m a t e r i a l  b a la n ce  and samples,  the  
hydrocarbon feed was stopped .  The hydrogen f lo w  r a t e  was
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a l lo w e d  t o  r e t u r n  to th e  se t  c o n d i t i o n s  and r e -c h e c k e d .
Run Data
Data necessary  f o r  th e  m a t e r i a l  ba lan ce  and r a t e  co n s ta n t  c a l c u ­
l a t i o n  is shown below:
1. B a ro m e t r ic  p res su re  was measured us in g  a mercury ba ro m e te r .  
The room te m p e ra tu r e  was measured us ing  a thermom eter .
2 .  Elapsed t im e  f o r  a .05 f t ^  r e v o l u t i o n  o f  the wet  t e s t  
m eter  a lo ng  w i t h  th e  wet  t e s t  m eter  w a t e r  te m p e r a t u r e  were  
measured a t  the  b e g in n in g ,  d u r i n g ,  and end o f  each run.
3. For t h e  m a t e r i a l  b a la n c e ,  the  wet  t e s t  m eter  re a d in g  and 
t e m p e r a t u r e  and th e  d i s p l a c e d  volume o f  th e  Ruska p o s i t i v e  
d is p la c e m e n t  pumps were taken both a t  the  b eg in n in g  and 
end o f  each run.
4. For each r e a c t o r  e f f l u e n t  sample, th e  r e a c t o r ,  sandbath ,  
and wet  t e s t  meter  tem p era tu res  a lo ng  w i t h  the r e a c t o r  
p res su re  and t im e  f o r  a . 05 f t ^  r e v o l u t i o n  were ta k e n .
The co rres po n d ing  t ime on feed was a l s o  no ted .
5.  For each gas sample, the c o n c e n t r a t i o n s  were c a l c u l a t e d  
a u t o m a t i c a l l y  and record ed.
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K i n e t i c  Model
I t  is o f  p r im a r y  i n t e r e s t  in t h i s  study to  deve lo p  a 
k i n e t i c  model f o r  both c a t a l y s t s .  Such models can be used not  
o n ly  to  compare th e  two c a t a l y s t s  but  to  p r e d i c t  performance  as 
a f u n c t i o n  o f  feed  c o n c e n t r a t i o n s  and r e a c t i o n  c o n d i t i o n s .
T here  a r e  b a s i c a l l y  two types  o f  k i n e t i c  models.  A 
t h e o r e t i c a l  model may be d e r i v e d  d i r e c t l y  f rom a p o s t u l a t e d  
mechanism. By assuming c e r t a i n  steps to  be r a t e  c o n t r o l l i n g ,  
v a r io u s  forms o f  the  r a t e  e x p re s s io n  may be o b t a i n e d  and checked 
e x p e r i m e n t a l l y .  In o r d e r  t o  f o r m u l a t e  a t h e o r e t i c a l  model ,  a 
complete r e a c t i o n  mechanism must be p o s t u l a t e d .  Once v e r i f i e d ,  a 
t h e o r e t i c a l  model may be used t o  e x t r a p o l a t e  to  c o n d i t io n s  
beyond e x p e r im e n t a l  d a t a .  In a d d i t i o n ,  v a l u a b l e  i n s i g h t  i n t o  
a g iven  r e a c t i o n  can o f t e n  lead to  more g e n e r a l  a p p l i c a t i o n s  o f  
t h e  f i n d i n g s  in r e l a t e d  r e a c t i o n  s t u d i e s .  However,  t h e r e  a r e  
l i m i t s  to  the  use o f  t h e o r e t i c a l  models. Complete mechanisms 
a re  known w i t h  c e r t a i n t y  f o r  few r e a c t i o n s .  A l s o ,  t h e r e  a re  o f t e n  
so many parameters  to  be found t h a t  they cannot be determ ined  
w i t h  a c c e p t a b l e  a c c u ra c y .  E m p i r ic a l  models a r e  those which use 
e x p e r im e n ta l  d a ta  t o g e t h e r  w i t h  s i m p l i f i e d  forms o f  the  t h e o r e t i c a l  
model to  e x t r a c t  a r a t e  e x p r e s s i o n .  Such models a r e  v a l u a b l e  in 
t h a t  they  a r e  soundly based on e x p e r im e n t a l  d a t a .  However,  e x t r a ­
p o l a t i o n  beyond the  range o f  the  d a ta  is g e n e r a l l y  not  v a l i d .
In t h i s  s t u d y ,  t h e o r e t i c a l  models w i l l  be developed  
to  d e te rm in e  the  form o f  th e  r a t e  e x p r e s s i o n .  C e r t a i n  groups  
o f  paramete rs  w i l l  be lumped and s i m p l i f y i n g  assumptions made in 
o r d e r  to  make s t a t i s t i c a l  a n a l y s i s  o f  th e  d a ta  t r a c t a b l e  and
34
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d e t e r m in a t io n  o f  the lumped parameters  v a l i d .
In t h i s  s e c t i o n ,  the  t h e o r e t i c a l  b as is  o f  the k i n e t i c  model f o r  
the h y d r o i s o m e r i z a t i o n  o f  n-Cg and n-Cg w i l l  be d eve lo ped .  S i m p l i f y i n g  
assumptions w i l l  be made to a r r i v e  a t  a f i n a l  model .  Methods 
o f  s t a t i s t i c a l  a n a l y s i s  o f  th e  d a ta  w i l l  be d iscu s sed .
Heterogeneous r e a c t i o n s  have been d e s cr ib ed  by Langmuir -  
Hinshelwood e q u a t io n s  and a re  p resen ted  by Hougen and Watson ( 4 ? ) .
The phenomena o f  s o l i d - g a s  r e a c t i o n s  may be d esc r ib ed  by the f o l l o w i n g  
steps :
1. Mass t r a n s f e r  o f  r e a c t a n t s  from the bu lk  gas phase to  
the  e x t e r i o r  s u r f a c e  o f  the  c a t a l y s t  bed.
2.  D i f f u s i o n  o f  the r e a c t a n t s  from the c a t a l y s t  
s u r f a c e  through the  p o res .
3.  A d s o rp t io n  o f  r e a c t a n t s  on a c t i v e  c a t a l y s t  s i t e s .
4 .  Su r fa c e  r e a c t i o n  on the a c t i v e  s i t e s .
5.  D i f f u s i o n  o f  p roducts  to the e x t e r i o r  
s u r f a c e  o f  the  c a t a l y s t .
6 . Mass t r a n s f e r  o f  the  products  to the bu lk  gas phase.
Any o f  these  s i x  steps co uld  c o n c e iv a b ly  be r a t e
d e t e r m in i n g .  I t  is necessary  to  examine the e f f e c t s  o f  i n t e r n a l  
and e x t e r n a l  mass t r a n s p o r t  to d e te rm in e  t h e i r  e f f e c t  on the  
observed r e a c t i o n  r a t e .  In a d d i t i o n ,  i t  is necessary  to examine s e v e r a l  
o t h e r  phenomena which a re  v i t a l  in  the f o r m u l a t i o n  o f  the k i n e t i c  
model:  th e  degree  o f  i s o t h e r m a l i t y  a lo ng the c a t a l y s t  bed, the  f u g a c i t y
c o e f f i c i e n t s  o f  the r e a c t a n t s  and p r o d u c t s ,  and the n a tu re  o f  the  
f l o w  in the  r e a c t i o n  zone.
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I n t e r n a i  Mass T ra n s p o r t
Since  e s s e n t i a l l y  a l l  the r e a c t i o n  on th e  c a t a l y s t  takes p la c e  
w i t h i n  the c a t a l y s t  p a r t i c l e ,  the r e a c t a n t s  must d i f f u s e  i n t o  the p a r t i c l e  
and products  must d i f f u s e  o u t .  Th is  mass t r a n s p o r t  occurs  as the r e s u l t  
o f  a c o n c e n t r a t i o n  g r a d i e n t  between the  b u l k  f l u i d  phase and the  i n t e r i o r  
o f  the  c a t a l y s t .  A g r a d i e n t  must e x i s t  f o r  d i f f u s i o n  to o c c u r .  I f  the  
d i f f u s i o n  r a t e  f o r  the r e a c t a n t  and p roduct  s p e c ie s  is very high  
compared to  the s u r f a c e  r e a c t i o n  r a t e ,  then whenever even a small  
g r a d i e n t  occurs in the c a t a l y s t  p a r t i c l e  , d i f f u s  ion o f  t h a t  spec ies is 
r a p i d  and the c o n c e n t r a t i o n  w i t h i n  the c a t a l y s t  is  e s s e n t i a l l y  c o n s t a n t .  
T h is  is the case when s u r f a c e  r e a c t i o n  is r a t e  c o n t r o l l i n g .  I f  the  
d i f f u s i o n  r a t e  is slow compared to the r e a c t i o n  r a t e , d i f f u s  ion is 
r a t e  c o n t r o l l i n g .  Since  the c o n c e n t r a t i o n  a t  the i n t e r i o r  c a t a l y s t  
s u r f a c e  is lower when d i f f u s i o n  is r a t e  c o n t r o l l i n g ,  f o r  f i r s t  and 
h ig h e r  o r d e r  r e a c t i o n s  a d i f f u s i o n  c o n t r o l l e d  r a t e  w i l l  be lower than a 
s u r f a c e  c o n t r o l l e d  r a t e .
The c a t a l y s t  e f f e c t i v e n e s s  f a c t o r ,  E, is  d e f in e d  as the r a t i o  
o f  the  a c t u a l  o v e r a l l  r e a c t i o n  r a t e  to the r a t e  t h a t  would be observed  
i f  the r e a c t a n t  c o n c e n t r a t i o n  in the e n t i r e  c a t a l y s t  were the same as 
th e  c o n c e n t r a t i o n  a t  the c a t a l y s t  s u r f a c e .  T h is  e f f e c t i v e n e s s  f a c t o r  
can be shown to  be a f u n c t i o n  o f  a group o f  c a t a l y s t  and k i n e t i c  
parameters  known as the  T h i e l e  modulus, h^.  For s p h e r ic a l  p a r t i c l e s ,  
in which the s im ple  r e a c t i o n  A->B is p r o c e e d in g ,  as shown by Pe te rs en  ( 4 8 ) ,
hg = R
De
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where p = c a t a l y s t  d e n s i t y ,  g / c c  
P
R = c a t a l y s t  p a r t i c l e  r a d i u s ,  cm 
Sg = s p e c i f i c  s u r f a c e  a r e a ,  cm^/g 
ko = s u r f a c e  r e a c t i o n  r a t e  c o n s t a n t ,  cm/§ec 
Dg = e f f e c t i v e  d i f f u s i v i t y  o f  r e a c t a n t ,  cm^/sec  
In o r d e r  to  i n v e s t i g a t e  the e f f e c t i v e  d i f f u s i v i t y  c o e f f i c i e n t ,  the  
c o n t r o l l i n g  d i f f u s i o n  regime must be d e f i n e d .  D i f f u s i o n  w i t h i n  
the c a t a l y s t  pore u s u a l l y  occurs by e i t h e r  F i c k i a n  o r  Knudsen d i f f u s i o n .  
F i c k i a n  d i f f u s i o n  is the predominant  mechanism a c c o u n t in g  f o r  mass t r a n s f e r  
in  the  c a t a l y s t  when the  pore d ia m e te r  is much l a r g e r  than the  mean f r e e  
path o f  the d i f f u s i n g  gas. In o t h e r  words,  F i c k i a n  d i f f u s i o n  is im p o r ta n t  
when a g iv e n  gas m olecu le  c o l l i d e s  w i t h  o t h e r  gas m olecu les much more 
o f t e n  than w i t h  the  pore w a l l .  F ic k i a n  d i f f u s i v i t i e s  a r e  o f  the o r d e r  o f  
10“  ̂ cm^/sec .  When the  d ia m e t e r  o f  the pore is  o f  th e  same o r d e r  as the  
mean f r e e  p a t h ,  c o l l i s i o n s  w i t h  the w a l l  become im p o r ta n t  and Knudsen 
d i f f u s i o n  p red o m in a te s .  Knudsen d i f f u s i v i t i e s  a r e  o f  th e  o r d e r  o f  
10"3 -v 10"^* cm^/sec .  When the d ia m e t e r  o f  the d i f f u s i n g  m olecu le  approach­
es the pore d i a m e t e r ,  a t h i r d  form o f  d i f f u s i o n  may o c c u r ,  c o n f i g u r a t i o n a l  
d i f f u s i o n  ( 4 9 ) .  In t h i s  reg ime,  the s i z e  and shape o f  the d i f f u s i n g  m olecu les  
and the pores a f f e c t  d i f f u s i o n .  D i f f u s i v i t i e s  in t h i s  regime a r e  o f  the  
o r d e r  o f  10"^ cm^/sec .
Spry and Sawyer ( 5 0 ) s t u d ie d  the c o n f i g u r a t i o n a l  d i f f u s i o n  e f f e c t s  
o f  l a r g e  a s p h a l t e n e  molecu le s  w i t h  m o lecu le  d i a m e t e r s ,  MD, o f  25 to  100 R 
in h y d r o t r e a t i n g  c a t a l y s t s  w i t h  pore d i a m e t e r s ,  PD, f rom 25 to  o v e r  1000 R . 
They found t h a t  th e  m o le c u la r  d i f f u s i v i t y  could  be m u l t i p l i e d  by a 
c o r r e c t i o n  f a c t o r  acco u n t in g  f o r  the r a t i o  MD/PD to  y i e l d  a c o n f i g u r a t i o n a l  
d i f f u s i v i t y  as f o l l o w s .
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t>C = "ro (2)
where D_ = c o n f i g u r a t i o n a l  d i f f u s i v i t y
= m o l e c u l a r o r  b u lk  d i f f u s i v i t y .
The r e s u l t s  o f  Spry and Sawyer show t h a t  c o n f i g u r a t i o n a l  d i f f u s i o n  
becomes im p o r t a n t  when MD/PD is more than 0 . 1 .  Since the pores o f  the  
m o rden it e  and f a u j a l i t e  c a t a l y s t s  used in t h i s  study a r e  o f  th e  o r d e r  o f  
6"1o8 and the  m o le c u l a r  d ia m eters  o f  n-C^ and n-C® a r e  s i g n i f i c a n t
c o n f i g u r a t i o n a l  d i f f u s i o n  r e s i s t a n c e  may be e x p e c t e d .  To study t h i s  
phenomenon, c a t a l y s t s  o f  v a r io u s  s i z e d  pores cou ld  be used a t  th e  same 
r e a c t i o n  c o n d i t i o n s .  Such c a t a l y s t s  have not  been a v a i l a b l e .  Thus,  the  
e f f e c t s  o f  t h i s  d i f f u s i o n  were in c lu d ed  in the  o v e r a l l  r a t e  e x p r e s s io n .
Th is  procedure  has been fo l lo w e d  by o t h e r s  such as Voorh ies  and Hopper (63)  
and B raun , e t  a l . ,  ( 1 5 ) .
To d e te rm in e  the e f f e c t  o f  i n t e r n a l  d i f f u s i o n  r e s i s t a n c e ,  both  
m o le c u la r  and Knudsen, a T h i e l e  modulus can be c a l c u l a t e d  and c o r r e l a t e d ,  
as shown by P e te r s e n  ( 4 8 ) ,  w i t h  the e f f e c t i v e n e s s  f a c t o r .  An e f f e c t i v e n e s s  
f a c t o r  o f  1 .0 corresponds to i n s i g n i f i c a n t  d i f f u s i o n  r e s i s t a n c e .
F i r s t ,  the d i f f u s i o n  regime in which th e  c a t a l y s t  o p e r a te s  under  
c o n d i t io n s  o f  t h i s  s tu d y ,m u st  be de te rm in ed .  Pete rsen  s t a t e s  t h a t  the  
mean f r e e  p a t h .  A, must be compared to the pore  d i a m e t e r ,  D. For D/A << 1, 
m o le c u la r  d i f f u s i o n  predominates .  When D/A -+ 1, Knudsen d i f f u s i o n  becomes 
im p o r t a n t .  The t r a n s i t i o n  between these two regimes is c a l l e d  the s l i p  
r e g io n .  A " s l i p "  d i f f u s i v i t y ,  Dg, can be c a l c u l a t e d  from the Knudsen and 
m o le c u la r  d i f f u s i v i t i e s ,  D|< and D^ , r e s p e c t i v e l y ,  as w i l l  be shown below.
From the k i n e t i c  th eo ry  o f  gases,  i t  can be shown t h a t  the mean 
f r e e  path is g iv en  by
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X = kT (3)
TT p
where k = B o l t zm a n 's  c o n s t a n t ,  cm^-atm/°K  
T = a b s o l u t e  t e m p e r a t u r e ,  °K 
a = m o le c u l a r  d i a m e t e r ,  cm 
P = a b s o l u t e  p r e s s u r e ,  atm
The m o le c u la r  d ia m e te rs  o f  the r e a c t i n g  s p e c i e s ,  n-Cg and n-Cg,  
may be c a l c u l a t e d  from v i s c o s i t y  da ta  as shown by Reid and 
Sherwood ( 6 4 ) .  T h is  v a l u e  re p r e s e n ts  the e f f e c t i v e  d ia m e t e r  o f  a 
molecule  which corresponds to the hard sphere assumption upon which  
eq u at io n  (3) is  based .  Reid and Sherwood l i s t  Lennard -Jones m o le c u la r  r a d i i  
f o r  n-Cg and n-Cg.  Using these  v a l u e s ,  the  mean f r e e  paths may be 
c a l c u l a t e d  a t  4 65°F  and 300 ps ig  to  be,
À = 2 3 . 0  K 
C5
X =  2 2 . 1  8  
C6
Since  the pore d iam e te rs  f o r  the m o rd en i te  and f a u j a s i t e  c a t a l y s t s  
used in t h i s  study a r e  o f  the o r d e r  o f  8 8 , then by P e t e r s e n ' s  c r i t e r i o n
D = D = . 36
^C5 ^Cg
Thus,  the d i f f u s i v i t i e s  must be c a l c u l a t e d  based on the fo rm u la  g iv e n  by 
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To c a l c u l a t e  t h i s  e f f e c t i v e  d i f f u s i v i t y  in the s l i p  r e g i o n ,  both  
the m o le c u la r  and Knudsen d i f f u s i v i t i e s ,  0̂  ̂ and D| ,̂ must be c a l c u l a t e d .  
Using the e q u a t io n  o f  W i l k e  and Lee (52 )  , i t  can be shown t h a t  a t  4 6 5 ° F ,
300 p s ig ,
Dm = .061 cm^/sec n-Cg
Dm = .056  cm^/sec n-Cg
and from Peterson (43)
D|  ̂ = 2 . 0 4  X 10"3 cm^/sec n-Cg
= 1 .86 X 10"3 cm^/sec n-Cg
and I t  can be seen t h a t
Dg = 1 .9 7  X 10-3 n-Cg
= l .SO X  10~3 cm^/sec n-Cg
An a l t e r n a t e  method o f  d e te rm in g  the t r u e  e f f e c t i v e  d i f f u s i v i t y  is g iv e n  by 
P e t e r s e n .  He s t a t e s  t h a t  D^ must be m u l t i p l i e d  by a g eo m et r ic  f a c t o r  
acco u n t in g  f o r  the t o r t u o u s  paths o f  the  t r u e  c a t a l y s t  p a r t i c l e .  P e te rs e n  
summarizes s e v e ra l  t h e o r e t i c a l  approaches to the problem o f  d e t e r m in in g  
an a c c u r a t e  g eo m et r ic  f a c t o r ,  i n c l u d i n g  e l e c t r i c a l  a n a l o g i e s .  He s t a t e s  
however t h a t  such methods f a i l  In d e s c r i b i n g  m a t e r i a l s  o f  r e l a t i v e l y  
low p o r o s i t y ,  such as a z e o l i t e  c a t a l y s t .  in t h i s  c ase ,  e x p e r im e n ta l  
r e s u l t s  a r e  b e s t .  In g e n e r a l ,  the t r u e  e f f e c t i v e  d l f f u s i v i t y ,  D^, may be 
r e l a t e d  to the g eo m et r ic  f a c t o r  as shown
^  = £ £  = f i ( g e o m e t r y )  (5)
“m” '
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S i m i l a r l y  
D
= —  = f 2  (geometry)  (6)
where e = p o r o s i t y  o f  the c a t a l y s t
a = c o n s t r i c t i o n  f a c t o r
T = t o t u o s i t y  f a c t o r
W h i le  t h e r e  a r e  wide ranges o f  r e s u l t s ,  in th e  w o rs t  cases ,  P e tersen
shows t h a t  D^/D^ is a p p r o x im a t e ly  . 0 4 .  In t h i s  case,
D = 2 . 4 4  X 10"3 cm^/sec . n-Cs 
e
= 2 . 2 4  X 10"3 cm^/sec n-Cg
Since  th ese  v a lu e s  app ro x im ate  those c a l c u l a t e d  from B osanquet 's
equat ion ,  i t  can be said  th a t  there  is a d d i t io n a l  evidence f o r  accepting
th e  s l i p  reg io n  v a lu e s .
From eq u a t io n  ( 2 ) ,  using the  Lennard-Jones  r a d i i  f o r  n-Cg and n-Cg
and the a p p r o p r i a t e  pore d iam ete rs  f o r  m o rd en i te  and f a u j a s i t e ,  i t  can
be shown tha t  on the mordeni te ,  D I = 4 .6  x 10“ ^cm^/sec and D I =c ' cg C'Cg
2 . 9  X 10"5 cm^/sec w h i l e  on the f a u j a s i t e  D | = 9 - 7  x 10"^ cm^/secC Cg
and D | = 7 . 9  x 10“  ̂ cm / s e c .  Using these v a l u e s ,  i t  can be shown
c Cg
from e q u a t io n  (1)  t h a t  on the m o r d e n i te  h | = 3 . 3  and h | = 8 . 3S Cg S Cg
w h i l e  on th e  f a u j a s i t e  h i  = .7 2  and h | = 1 . 6 .  From Petersen ( 4 8 ) ,
S 'C 5 s 'c g
the  e f f e c t i v e n e s s  f a c t o r s  c o r re sp o n d in g  to  th es e  va lues  o f  the T h i e l e
modulus,  h g , a re
E
M o rd en i t e  Fau jas  i te
n-Cg .30  .9 0
n-Cg .12 .55
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Thus,  c o n f i g u r a t i o n a l  d i f f u s i o n  e f f e c t s  r e s u l t  in s i g n i f i c a n t  d i f f u s i o n  
r e s i s t a n c e .  In o r d e r  to study the  e f f e c t  o f  c o n f i g u r a t i o n a l  d i f f u s i o n ,  
c a t a l y s t s  w i t h  v a r y in g  pore s i z e s  would be needed. Such c a t a l y s t s  have 
not been a v a i l a b l e  and c o n f i g u r a t i o n a l  d i f f u s i o n  r e s i s t a n c e  was not  
examined.  The f i r s t  o r d e r  r a t e  c o n s ta n t  in t h i s  study in c lu d es  con­
f i g u r a t i o n a l  d i f f u s i o n  e f f e c t s .  As s t a t e d  e a r l i e r ,  t h i s  is the procedure  
used by o t h e r  i n v e s t i g a t o r s  ( 1 5 , 6 3 ) .
To observe e x p e r i m e n t a l l y  in t h i s  study t h e  e x t e n t  o f  i n t e r n a l  mass 
t r a n s f e r  e f f e c t s ,  th e  p a r t i c l e  s i z e  o f  the c a t a l y s t  cou ld be decreased  
to  decrease  the  r e s i s t a n c e .  I f  the r a t e  c o n s t a n t  increased w i t h  decreased  
p a r t i c l e  s i z e ,  i n t e r n a l  mass t r a n s f e r  is  im p o r tan t  and must be accounted  
f o r .  B rya n t  (33)  and Hopper (53 )  observed  no v a r i a t i o n  in the f i r s t  
o r d e r  r a t e  co n stan t  f o r  n-Cg i s o m e r i z a t i o n  on Pd -H -m o rd en i te  o v e r  a t e n ­
f o l d  change in c a t a l y s t  p a r t i c l e  s i z e ,  0 .1  to 1 .0  mm d i a m e t e r .  Since  
the c a t a l y s t  p a r t i c l e  s i z e  and r e a c t i o n  c o n d i t i o n s  in t h i s  study c o r r e s ­
ponded c l o s e l y  to those used by B ryan t  and Hopper, r e s i s t a n c e  was assumed 
t o  have an i n s i g n i f i c a n t  e f f e c t  on the  f i r s t  o r d e r  r a t e  c o n s tan t  as d e f in e d  
by equat io ns  ( 26 ) and (27)  and c a l c u l a t e d  from eq u a t io n  ( 1 5 ) .
Flow P a t t e r n s
Another  phenomenon t h a t  must be i n v e s t i g a t e d  is the b u lk  f low  
p a t t e r n  o f  the r e a c t a n t s  and products o ver  th e  c a t a l y s t  bed.  Plug f lo w  is 
d e s i r e d  s in ce  t h i s  r e s u l t s  in h i g h e r  c o n v e r s io n s .  Any s i g n i f i c a n t  
backmix ing  would lower conversions and c o m p l i c a t e  m o d e l l in g  o f  the  
r e a c t i o n .  B r y a n t (33)  s t u d ie d  the  f lo w  p a t t e r n s  in a r e a c t o r  n e a r ly  
i d e n t i c a l  to t h a t  used in t h i s  s tu d y .  He r e l a t e d  the ex tend  o f  a x i a l  
d is p e r s i o n  to the P e c l e t  number. The P e c l e t  number, Pe, is the r a t i o  o f  
the b u lk  st ream f low  to the random mot ion o f  e d d i e s .  A P e c l e t  number o f
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z e ro  corresponds to  complete backmixing w h i l e  cor responds to plug  
f l o w .  B ryan t  found t h a t  f o r  Pe > 50 and convers io ns  from 20% to  70% 
the e f f e c t s  o f  backmix ing a r e  n e g l i g i b l e .
A P e c l e t  number f o r  t y p i c a l  c o n d i t i o n s  used in  t h i s  study  is 
c a l c u l a t e d  as f o l l o w s .  The p a r t i c l e  Reynolds number, R^  , is found using  
the f o l l o w i n g  r e l a t i o n :
Rep = ^  = 2 . 4 9  (7)
yA
where dp = d i a m e t e r  o f  the  c a t a l y s t  p a r t i c l e ,  cm 
p = v i s c o s i t y  o f  the  f l u i d ,  gm/cm-sec.
A = cross  s e c t i o n a l  a r e a ,  cm̂  
w = mass f l o w  r a t e ,  g /sec
L even sp ie l  and B i s c h o f f  have c o r r e l a t e d  a m ix in g  i n t e n s i t y ,  M, 
w i t h  Re^ ( 5 4 ) .  in t h i s  study
M • eL = . 83 
Pe d
P
from which a Pe o f  6 3 . 2  is c a l c u l a t e d .  Since t h i s  is w e l l  above the  
va lu e  o f  50 below which backmixing  f i r s t  becomes s i g n i f i c a n t ,  plug  
f lo w  is assumed in t h i s  study .
E x te rn a l  Mass T r a n s p o r t
E x t e r n a l  mass t r a n s f e r  r e f e r s  to th e  c o n v e c t i v e  and d i f f u s i v e  
processes by which r e a c t a n t  is t r a n s f e r r e d  from the  b u lk  gas phase to  
the c a t a l y s t  s u r f a c e  and products from the s u r f a c e  back to the b u lk  phase.  
This  process may be model led  as mass t r a n s f e r  through a t h i n  gas f i l m  in  
la m in a r  f lo w  a t  th e  c a t a l y s t  s u r f a c e .  The h i g h e r  the  gas f lo w  r a t e  across  
the c a t a l y s t  p a r t i c l e ,  the t h i n n e r  the lam in ar  l a y e r  becomes and the
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h ig h e r  the mass t r a n s f e r  r a t e .  i f  e x t e r n a l  mass t r a n s f e r  were r a t e  
c o n t r o l l i n g ,  i t  would be expected  t h a t  v a r y in g  the  gas v e l o c i t y  would 
a f f e c t  the co n v e rs io n .
Pure component s t u d i e s  have been c a r r i e d  out  on P d -H -m o rde n i te  
a t  c o n d i t io n s  n e a r l y  i d e n t i c a l  to  those used in t h i s  s tu d y .  B rya n t  (33)  
found no v a r i a t i o n  in the  r a t e  c o n s ta n t  f o r  n-Cg i s o m e r i z a t i o n  a t  550°F  
and 450 ps ig w h i l e  v a r y in g  the  gas v e l o c i t y  by a f a c t o r  o f  f o u r .  Luzar rag a  
( 55 ) showed no v a r i a t i o n  in r a t e  c o n s ta n t  over an e i g h t - f o l d  change in gas 
v e l o c i t y .  On P d - H - f a u j a s  i t e ,  H a tch er  (56)  showed no change in r a t e  constant ,  
f o r  n-hexane h y d r o c r a c k in g  o v e r  a f a c t o r  o f  3 change in gas v e l o c i t y .  I t  
may be concluded t h a t  p r e v io u s  s t u d i e s  imply t h a t  t h e r e  is no s i g n i f i c a n t  
e x t e r n a l  mass t r a n s f e r  r e s i s t a n c e  in the c a t a l y s t s  and under the c o n d i t io n s  
o f  t h i s  s tudy .
Temperature G r a d i e n t  in the Reactor
in s tu d y in g  t h e  i s o m e r i z a t i o n  o f  pentane and hexane m i x t u r e s ,  the
model f o r  the  r e a c t i o n  is  based e i t h e r  on an is o th erm a l  o r  n o n - is o t h e r m a l
assumpt ion .  i f  the  h e a t  o f  r e a c t i o n  and the r e a c t i o n  r a t e  were l a r g e ,  
t h e r e  would be s i g n i f i c a n t  te m p e ra tu re  g r a d i e n t s  along the  t u b u l a r  r e a c t o r  
used in t h i s  s tu d y .  i f  such g r a d i e n t s  e x i s t e d ,  the  r e a c t i o n  r a t e  would
vary  along the  r e a c t o r  and the model wnnlH hawo fp account f o r  t h i s  e f f e c t .
in t h i s  s tu d y ,  a thermocouple measuring the te m p e r a tu re  a t  the
end o f  the c a t a l y s t  bed was monitored  r o u t i n e l y  d u r in g  each run.  i f  th e re  
had been s i g n i f i c a n t  h e a t  o f  r e a c t i o n  e f f e c t s ,  t h i s  thermocouple would have 
r e g i s t e r e d  a te m p e r a tu re  s i g n i f i c a n t l y  d i f f e r e n t  f rom the sand bath in 
which the r e a c t o r  was l o c a t e d .  A maximum t e m p e ra tu re  d i f f e r e n c e  from the 
sand bath o f  3°F  was observed w i t h  the normal tem p era tu re  d i f f e r e n c e
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w i t h i n  + i ° F .  Since t h i s  was w e l l  w i t h i n  e x p e r im e n t a l  e r r o r ,  i t  was 
concluded t h a t  the is o th erm a l  model f o r  th e  c a t a l y s t  bed was a deq u ate .  
R eactan t  F u g a c i t i e s
To f o r m u l a t e  th e  model ,  the f u g a c i t y  c o e f f i c i e n t s  o f  each o f  the  
r e a c t a n t s  in the r e a c t o r  must be c a l c u l a t e d ,  in  o r d e r  to  c a l c u l a t e  th e  
f u g a c i t y  c o e f f i c i e n t s  o f  th e  components o f  the r e a c t i o n ,  an eq u a t io n  o f  
s t a t e  must be s e l e c t e d .  Since the R e d l i c h ” Kwong e q u a t io n  has been shown to  
be v a l i d  a t  c o n d i t i o n s  such as those in vo lv ed  in t h i s  s t u d y ,  i t  was 
used.
At  c o n s ta n t  te m p e r a t u r e ,  i t  can be shown t h a t  ( 5 7 ) ,
In i i  = r  [ (  1 ^ )  -  I ] ^  -  In Z (3)
' '  T , „ V ,  n.  ' '
where <pj = f u g a c i t y  c o e f f i c i e n t  o f  component i in the  m i x t u r e
V = m ola r  volume o f  th e  m i x t u r e ,  c c /g -m o le
Z = c o m p r e s s i b i l i t y  o f  the m ix tu re
I  = t e m p e r a t u r e ,  °R
nj = moles o f  component j  5̂ i , g-moles
n = mole o f  m i x t u r e ,  g-moles
the Red 1ich-Kwong e q u a t io n  o f  s t a t e  is g ive n  by
Z = I-----------------   ! ___________________  (9)
I -  / v  RT ^  V(1 + b /v )
Where a and b a r e  co n s tan ts  dependent on P and I  but  independent  
o f  com p o s i t io n .
C a r r y in g  out  the i n d i c a t e d  i n t e g r a t i o n  o f  e q u a t io n  ( 8 ) g iv e s  the
resul  t
Inbi  = ^  ( Z - 1 ) - l n ( Z - Z h )  + —  ̂ ^  ^   ̂ ^ k ^ i k  ] l n ( l + h )
bRT^/Z  ̂ k
( 10 )
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where h = •
In o r d e r  to use the  above e q u a t i o n ,  c e r t a i n  i n t e r a c t i o n  and m ix t u r e  
p r o p e r t i e s  must be c a l c u l a t e d  as o u t l i n e d  by P r a u s n i t z  ( 5 8 ) .  The presence  
o f  hydrogen has a s i g n i f i c a n t  e f f e c t  on t h i s  c a l c u l a t i o n ,  which is not  
d e t a i l e d  h e r e .  The r e s u l t s ,  c a l c u l a t e d  a t  4 65°F ,  300 p s i g ,  and 10/1 Hg/HC 
r a t i o ,  a re
(j)H2  = 1 .00888  
(j)C5 = 1 .00566
(jiCg = 1 .00953
Thus,  the d e v i a t i o n  from i d e a l i t y  a t  t y p i c a l  r e a c t i o n  c o n d i t i o n s  is <1%.
The m i x t u r e  w i l l  be assumed to  be i d e a l  in f o r m u l a t i n g  the  model .
Cracki  nq
in s t u d y in g  h y d r o i s o m e r i z a t i o n  o f  n-Cg and n-Cg,  the e x t e n t  o f  
h yd ro c rack in g  must be examined.  I f  the  e x t e n t  o f  h y d ro c ra c k in g  were l a r g e ,  
i t  would have to be accounted f o r  in the k i n e t i c  model .  The products  o f  
h y d ro c ra c k in g  o f  n-Cg and n-Cg would be C%, Cg, and C3 which a r e  d e t e c t a b l e  
even in smal l  q u a n t i t i e s  (>_-5 mole%) in the a n a l y s i s  o f  the r e a c t i n g  gas.
In the  range o f  c o n d i t i o n s  used in  t h i s  s tu d y ,  no h y d r o c r a c k in g  was 
observed .  I n v e s t i g a t o r s  using  s i m i l a r  c o n d i t i o n s  and c a t a l y s t s  have not
K i n e t i c  Mode 1
The g en era l  Langm uir -H in she lw ood model d e s c r i b i n g  r e a c t i o n s  o f  
gases on s o l i d  c a t a l y s t s  is g iven  by:
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[ k i n e t i c  term] [ p o t e n t i a l  term]
® [a d s o r p t i o n  te rm] ( ] ] )
The k i n e t i c  term in c lu d es  both th e  t r u e  s u r f a c e  r e a c t i o n  r a t e  
c o n s t a n t ,  as w e l l  as co n s ta n ts  c h a r a c t e r i z i n g  the  s u r f a c e  o f  the  
c a t a l y s t  and in some cases a d s o r p t i o n  c o n s t a n t s .  These c o n s tan ts  may be 
lumped t o g e t h e r  to  d e s c r ib e  t h e  dependence o f  th e  k i n e t i c  term on tem­
p e r a t u r e  as
k = Ag exp ( -Egpp/RT)  ( 12)
where Eapp “  ap p are n t  a c t i v a t i o n  e n e rg y ,  k c a l / g - m o l e  
R = idea l  gas c o n s t a n t ,  k c a l / g - m o l e  °K 
= pre e x p o n e n t ia l  t e r m ,  c c / g / s e c  
T = a b s o lu t e  t e m p e r a t u r e ,  °K.
The p o t e n t i a l  term f o r  a f i r s t  o r d e r  e le m e n t a ry  r e a c t i o n  A B 
has th e  form
^A^A ( 13)
K
where K; = a d s o r p t io n  c on s tan t  o f  sp ec ies  i ,  atm"^
Pi = p a r t i a l  p res su re  o f  sp ec ie s  i ,  atm 
K = r e a c t i o n  e q u i l i b r i u m  c o n s t a n t ,  d im e n s io n le s s .
The a d s o r p t io n  term has th e  form
V a + V b>"
where n = number o f  a c t i v e  c a t a l y s t  s i t e s  in v o lv e d  in th e  r e a c t i o n .
The exponent n u s u a l l y  has a v a lu e  o f  1 o r  2 .  The e xac t  form 
o f  th e  a d s o r p t io n  term may change depending on the r a t e - l i m i t i n g  s te p  
f o r  a g iven  r e a c t i o n .  A l though t h i s  term is somewhat tem p era tu re
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dependent,  the e x p o n e t i a l  te m p e ra tu re  dependence o f  the  k i n e t i c  term  
makes the  v a r i a t i o n  o f  the a d s o r p t io n  term w i t h  tem p era tu re  r e l a t i v e l y
i n s i g n i f i c a n t .  However,  the  r a t i o  k '  = k i n e t i c  t e r m  w i l l  vary
a d s o r p t io n  term
depending on th e  n a t u r e  o f  th e  c a t a l y s t ,  s u r f a c e  k i n e t i c s  and th e  r a t e -  
d e t e r m in in g  s t e p .  S t r i c k l a n d  (60)  has developed  the v a r io u s  forms t h a t  
k^ can take  depending on the  r a t e  c o n t r o l l i n g  s tep  f o r  a c a t a l y s t  w i t h  
a c i d i c  and m e t a l l i c  s i t e s  f o r  th e  r e a c t i o n  A . B . These w i l l  be 
examined in d is c u s s in g  the s t a t i s t i c a l  a n a l y s i s  o f  the data  l a t e r  in  
t h i s  c h a p t e r .
The o v e r a l l  r a t e  c o n s t a n t  e x p re s s io n  must be developed to r e l a t e  
e x p e r im e n ta l  r e s u l t s  t o  th e  k i n e t i c  parameters  o f  im por tance.  The m a t e r i a l  
balance  e q u a t io n  f o r  an i n t e g r a l  r e a c t o r  in plug f lo w  is g ive n  by
r = f s  = k(C -  C /K )  (14)
dW
where r = r e a c t i o n  r a t e ,  g - m o le /g m /s ec
Ng = f lo w  r a t e  o f  p roduct  B, g -m o l e / s e c  
W = w e ig h t  o f  c a t a l y s t ,  gm 
k = f i r s t  o r d e r  r a t e  c o n s t a n t ,  cc /gm/sec  
*"A,B c o n c e n t r a t i o n s  o f  A, B, g - m o le /c c
K = thermodynamic e q u i l i b r i u m  c o n s t a n t ,  d im e n s io n le s s .
The r a t e  co n s ta n t  above,  k ,  is a lumped t e r m  i n c l u d i n g  both the 
a d s o r p t io n  term and the  e f f e c t i v e n e s s  f a c t o r .
Assuming f i r s t  o r d e r  k i n e t i c s ,  pure A as f e e d ,  and f u g a c i t y  
c o e f f i c i e n t s  o f  u n i t y  f o r  a l l  hydrocarbon s p e c ie s ,  the f i r s t  o r d e r  r a t e  
co n s tan t  may be c a l c u l a t e d  from e x p e r im e n t a l  da ta  as shown by L iv e s a y  (6 5 ) 
to  be.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
49
k .  " b ,
» b‘ h < '5 )
which is the  i n t e g r a t e d  form o f  e q u a t io n  (14)  assuming no B in the feed  gas,
where = e q u i l i b r i u m  mole f r a c t i o n  o f  iso m er ized  products
f o r  A 2  B
t|_| = c a t a l y s t  v o l u m e / t o t a l  v o l u m e t r i c  f lo w  r a t e  o r
s u p e r f i c i a l  h o l d i n g  t i m e ,  sec.
Yg = e x p e r im e n ta l  mole f r a c t i o n  o f  isomers
Pg = b u lk  d e n s i t y  o f  t h e  c a t a l y s t ,  gm/cc.
The e xp er im en ts  a r e  c a r r i e d  out  to  d e te rm in e  Yg from a n a l y s i s  o f  
the  r e a c t o r  e f f l u e n t  gas.  Knowing tj  ̂ f rom the  v o l u m e t r i c  f lo w  r a t e s  o f  
r e a c t a n t s  and p ro d u c ts ,  p„ from measurement,  and Y* from l i t e r a t u r eO D
d a t a ,  i t  is p o s s i b l e  to  c a l c u l a t e  k f o r  a g iven  se t  o f  c o n d i t i o n s .  In 
the  case o f  n-C^ and n-Cg m i x t u r e s  as f e e d ,  t^  accounts  f o r  both hydro ­
carbon feed r a t e s  and e q u a t io n  ( 1 5 ) is used to  c a l c u l a t e  the  i n d i v i d u a l  r a t e  
c o n s t a n t s .  For m i x t u r e s ,  the r a t e  c o n s t a n t  f o r  n-Cg or  n-Cg i s o m e r i z a t i o n  
i s found by
L isomer c o n c e n t r a t i o n s  
^B =   ■
Z ( isomers  + normal )  c o n c e n t r a t i o n s  
Y was de termined from a n a l y s i s  o f  the  r e a c t o r  e f f l u e n t  gas.
D
Knowing t^ from the  v o l u m e t r i c  f lo w  r a t e s  o f  r e a c t a n t s  and p r o d u c ts ,  
p from measurement, and Y* from l i t e r a t u r e  d a t a ,  i t  was p o s s ib le  to
D D
c a l c u l a t e  k f o r  a g iven  s e t  o f  c o n d i t i o n s .  In the case o f  n-Cg and 
n-Cg m ix tu re s  as f e e d ,  t̂  ̂ accounts  f o r  both hydrocarbon feed ra te s  
and eq u a t io n  ( 15) is used to c a l c u l a t e  th e  i n d i v i d u a l  r a t e  co n s ta n ts .  
For m i x t u r e s ,  the isomer c o n c e n t r a t i o n  f o r  n-Cg o r  n-C^ i s o m e r i z a t io n
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was c a l c u l a t e d  by
Z isomer c o n c e n t r a t i o n s
Yg
[ ( i s o m e r s  + normal)  c o n c e n t r a t i o n s  
as c a l c u l a t e d  from th e  r e a c t o r  gas e f f l u e n t .  Appendices 1, 2 ,  and 3 g iv e
d e t a i l s  o f  t h i s  c a l c u l a t i o n .
Now, assuming t h a t  Langmuir a d s o r p t i o n  isotherms may be a p p l i e d
to  the  s im ple  f i r s t  o r d e r  r e v e r s i b l e  model f o r  h y d r o i s o m e r i z a t io n  ( 4 7 ) ,
the f i r s t  o r d e r  r a t e  co n s ta n t  may be expressed  as
k T K
k = ‘_________  i = n -Cg,  n -Cg,  H2 (16)
( I  -  ÎI ' I
where n = number o f  c a t a l y s t  s i t e s  in v o lv e d  in th e  r e a c t i o n ,  
u s u a l l y  1 or  2
k = t r u e  s u r f a c e  r e a c t i o n  r a t e  co n s ta n t
0
K = e q u i l i b r i u m  a d s o r p t io n  c o n s ta n ts  f o r  component i
1
P. = p a r t i a l  p ressu re  o f  component i ,  psia  
k = f i r s t  o r d e r  r a t e  c o n s t a n t ,  cc /g m /s ec
Since  k^ and K , a r e  f u n c t io n s  o f  t e m p e r a t u r e  o n l y ,  then f o r  a 
given  is o therm al  se t  o f  runs,  they may be co n s ide red  c o n s t a n t .  In the  
s t a t i s t i c a l  a n a l y s i s  o f  the  r a t e  c o n s t a n t ,  we w i l l  then assume the f o l l o w ­
ing g en era l  form
k =     ( ' 7 )
[1+ Z K . P . ] "
From t h i s  g en era l  form, the  dependence o f  k on p re s s u r e ,  
t e m p e r a t u r e ,  Hg/HC r a t i o ,  space v e l o c i t y ,  and a mixed hydrocarbon feed  
w i l l  be examined.  By d e f i n i n g  the r e l a t i o n s h i p  between k and these  
v a r i a b l e s ,  im por tan t  p r o p e r t i e s  o f  th e  c a t a l y s t  and the r e a c t i o n  k i n e t i c s  
can be d e te rm in ed .
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E f f e c t  o f  Pressure
I f  the a d s o r p t io n  c o n s ta n ts  f o r  th e  hydrocarbon spec ies a re  
a p p r o x im a t e ly  e q u a l ,  i t  can be shown t h a t
51
k ' ^ / n  = k
( 1  +  R )
( 18 )
where R = Hg/HC r a t i o
Ku = hydrogen a d s o r p t i o n  c o n s ta n t  
H2
Rur ~ hydrocarbon a d s o r p t i o n  c o n s ta n t  HL
By p l o t t i n g  k V n a g a i n s t  a t  c o n s t a n t  R, a s t r a i g h t  l i n e
— “  ̂/ n
should be o b t a in e d  w i t h  a p o s i t i v e  i n t e r c e p t  co rresp o n d in g  to k 
In o r d e r  to d e term in e  the v a lu e  o f  n, d i f f e r e n t  va lu es  o f  n a r e  assumed 
and the  above p l o t  is made. For a g iv en  n,  i f  a n e g a t iv e  i n t e r c e p t  is 
o b t a i n e d ,  t h a t  v a lu e  o f  n may be r e j e c t e d  s in c e  k > 0 .  Note t h a t  i f  the  
hydrocarbon a d s o r p t io n  c o n s ta n ts  a r e  not  e q u a l ,  the same p l o t  cou ld be 
made f o r  a given s e r i e s  o f  pure component,  say n-Cg,  runs to de te rm in e  
the v a lu e  o f  n f o r  Cg i s o m e r i z a t i o n .
E f f e c t  o f  Temperature
We assume t h a t  the te m p e r a tu r e  dependence o f  k^ may be r e p re s e n te d
by
k = A e o
- E V R T (19)
where E '  = t r u e  s u r f a c e  r e a c t i o n  a c t i v a t i o n  en erg y .
The v a r i a t i o n  o f  the a d s o r p t io n  c o n s ta n ts  w i t h  tem pera tu re  is 
giv en  below where AH. is the h e a t  o f  a d s o r p t i o n  o f  spec ies  i .
I
K; = exp [ i ( 1  -  ] i = Cg, Cg, H2 ( 2 0 )
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The s i m p l i f i e d  r a t e  c o n s ta n t  d e f i n e d  by e q u a t io n  (16)  inc lu des  the  
te m p e r a tu r e  e f f e c t s  o f  the s u r f a c e  r e a c t i o n  as w e l l  as a d s o r p t i o n .  I f  
( 19) and ( 2 0 ) a re  s u b s t i t u t e d  i n t o  (16)  and th e  d e r i v a t i v e  o f  In k is 
taken  w i t h  r e s p e c t  to  1 / T ,  i t  can be shown t h a t
m n
E = E'  + Z AH. + nR d [ i n  (1 + Z K . P . ) ]  (21)
app I — r  I I
i = l  d (ÿ )  1 = 1
where E^^^ = ap p are n t  a c t i v a t i o n  en e rg y .
E is the  v a lu e  t h a t  would be o b t a in e d  when a t y p i c a l  A r rh e n iu s
app
p l o t  o f  In k vs .  1 /T is made. i t  i n c lu d e s  both the  t r u e  a c t i v a t i o n
e n e rg y ,  E ' ,  and the a d s o r p t i o n  e f f e c t s .  I t s  va lu e  w i l l  thus depend on
th e  n a t u r e  o f  the c a t a l y s t  s u r f a c e  and the  p a r t i c u l a r  a d s o rb a t e s .  I t
may be a n t i c i p a t e d  t h a t  E w i l l  v a r y  s u b s t a n t i a l l y  f rom c a t a l y s t  toapp
c a t a l y s t .  L ev en sp ie l  (61)  has shown t h a t  i f  d i f f u s i o n  is r a t e - l i m i t i n g ,  
then
E = E '  + Edapp ------ =---------
where E^ = a c t i v a t i o n  energy f o r  d i f f u s i o n .  S in ce  E^ is t y p i c a l l y  
1 ->• 4 k c a l / g - m o l e  and E '  is o f  the o r d e r  o f  30 60 k c a l / g - m o l e ,  then
E :  E '
app j
f o r  r e a c t i o n s  in f lu e n c e d  by s t ro n g  pore r e s i s t a n c e .
E f f e c t  o f  Space V e l o c i t y
From e q u a t io n  (15)  i t  can be seen t h a t  s in c e  t^ is the r a t i o  o fH
the  c a t a l y s t  volume to the  t o t a l  v o l u m e t r i c  f lo w  r a t e ,  V. .̂, then
tu = — TT-:r , where is the  molar  gas d e n s i t y  and M is the  gas m o le c u la r
weight. But V ( n h- N ) = ^  ' Substituting i t
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l n ( l -) = k
W
Y |  (,+R)
( 2 2 )
But = w e ig h t  h o u r ly  space v e l o c i t y ,
W,
Thus Y
1 n ( 1 -   ) = k
Y*  U+R)
(23)
I f  th e  assumption t h a t  the h y d r o i s o m e r i z a t i o n  o f  n-Cg and 
n-Cg may be r e p r e s e n t e d  by a f i r s t  o r d e r  r e v e r s i b l e  r e a c t i o n  is v a l i d ,  
a p l o t  o f  l n ( l  -  Y g / Y *  versus 1/%^ should be a s t r a i g h t  l i n e  w i t h  an
i n t e r c e p t  o f  1 .0  a t  any g iven  te m p e ra tu re .
E f f e c t  o f  H?/HC R a t i o
From e q u a t io n  (18)  i t  can be seen t h a t  a t  a g iv en  tem p era tu re
and p r e s s u r e ,  k w i l l  vary  w i t h  R as
( 2 k )
1 + R
From t h i s  r e l a t i o n s h i p ,  the r e l a t i v e  v a lue s  o f  the hydrocarbon  
and hydrogen a d s o r p t i o n  co nstan ts  may be de te rm in e d  as f o l l o w s .
v s .  1 /R+l  should  g ive  
a s t r a i g h t  l i n e  w i t h  a n e g a t i v e  ab sc is sa  
i n t e r c e p t .
1. I f  >> a p l o t  o f  k
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2. I f  Kl, >> l<L,„, a p l o t  o f  k v s .  R / ( R + l )  should g ive
n 2 ML
a S t r a i g h t  l i n e  w i t h  a ne g a t i v e  absc issa  
i n t e r c e p t .
3.  I f  K_ -  Kli_ , k wi 11 not  v a ry  w i t h  R.
H 2 ML
E f f e c t  o f  a n-Cc^/n-Cfi M i x t u r e  as Feed
From e q u a t i o n (17)  i t  can be seen t h a t  I f  a m ix t u r e  o f  hydro ­
carbons is used as f e e d ,  the a d s o r p t io n  term must in c lu d e  the  K.P.  
p roduct  f o r  both hydrocarbons.  I f  the two r e a c t a n t s  have d i f f e r e n t  
a d s o r p t io n  c o n s t a n t s ,  i t  can be seen t h a t  k f o r  th e  more s t r o n g l y  adsorbed  
sp ec ies  w i l l  i n c r e a s e  on d i l u t i o n  w i t h  a more weak ly  adsorbed s p e c ie s .
T h is  can be reasoned as f o l l o w s .  For a Cs/Cg fe ed ;
k; =  -------------------------------------------------------------- -- i = Cs, Cg
(1 + K P + K  P + K l. P l, )
C5 C5 Cg Cg H2 H2 ( 25 )
I f  K_ >> K_ , as P_ is i n c r e a s e d ,  P_ must decrease  s in ce  a l l  
Ce Cg Cg Cg
runs a r e  made a t  a g ive n  H2/HC r a t i o .  S in ce  K_ is s m a l l ,  the product
b 5
K» P„ is a l s o  smal l  and n e g l i g i b l e  to K_ P .  . However,  K_ P.
C5 Cg  Cg  Cg  Cg  Cg
is  g e t t i n g  s m a l l e r  on d i l u t i o n  and thus k must i n c r e a s e .
^5
I t  should be noted t h a t  the psuedo f i r s t  o r d e r  r a t e  constan ts  a re  
c a l c u l a t e d  f o r  the  r e a c t io n s
n-Cg i -Cg
n-Cg -------- ^  isomers o f  Cg (27)
us ing  a model in which the  r a t e  c on s tan ts  a r e  c o n s t a n t  f o r  a 
given  P^^^,  T ,  and R, i . e . ,  f o r  a g iv en  run.
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Now, hav in g  e s t a b l i s h e d  the  e x p e r im e n t a l  v a r i a t i o n  o f  k w i t h  the  
im p o r t a n t  independent  v a r i a b l e s  used in t h i s  s t u d y ,  i t  is necessary  to  
examine the s t a t i s t i c a l  methods to be used in a n a l y s i s  o f  th e  d a t a .  
S t a t i s t i c a l  A n a ly s i s  o f  k
The s i m p l i f i e d  r a t e  c o n s ta n t  may be s u b j e c t e d  to s t a t i s t i c a l  
a n a l y s i s  to  d e t e rm in e  the r a t e  c o n t r o l l i n g  s te p  and to  some e x t e n t  the  
n a t u r e  o f  th e  s u r f a c e  k i n e t i c s .  Th is  is accomplished by a n a l y s i s  o f  th e  
param eters  o f  v a r io u s  p o s t u l a t e d  models o f  k to  d e c id e  not  o n ly  the b es t  
model bu t  the  r e l a t i o n s h i p s  among the  param eters  o f  a g ive n  model .  By 
p o s t u l a t i n g  v a r io u s  forms o f  k ( P ; )  from d i f f e r e n t  mechanisms and d i f f e r e n t  
r a t e  l i m i t i n g  s t e p s ,  i t  is p o s s i b l e  to d e te r m in e :
1. The a p p aren t  r a t e  c o n t r o l l i n g  step
2.  The r e l a t i v e  magnitude o f  the a d s o r p t i o n  c o n s ta n ts  o f  the  
feed  components
3. The number o f  s i t e s  in vo lv ed  in the  s u r f a c e  r e a c t i o n .
I t  is im p o r tan t  to reco g n ize  t h a t  the i n f o r m a t i o n  o b t a in e d  by
a n a l y z i n g  the  r a t e  c o n s t a n t  as i t  v a r i e s  w i t h  t e m p e r a t u r e ,  p r e s s u r e ,
space v e l o c i t y ,  and H2/HC r a t i o  is independent o f  the i n f o r m a t i o n
o b t a i n e d  through s t a t i s t i c a l  work.  For example ,  the f a c t  t h a t  a p l o t  
_ 1.
o f  k vs.  i n d i c a t e s  a dual s i t e  mechanism is independent o f  the
f a c t  t h a t
k = ------------------------- ( 28 )
[1 + E K .P . ] 2
may g iv e  the bes t  f i t  o f  the d a t a ,  a l th o u g h  e q u a t i o n  (2 8 ) i n d i c a t e s  a 
dual  s i t e  mechanism a l s o .  However, i t  would be expected  t h a t  r e s u l t s  
f rom s t a t i s t i c a l  a n a l y s i s  and from o t h e r  a n a l y s i s  would not  be c o n t r a d i c t o r y .
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but complementary.  I f  both types o f  a n a l y s i s  i n d i c a t e ,  f o r  example,  
t h a t  d eh ydrogenat io n  was the  r a t e  c o n t r o l l i n g  step f o r  h y d r o i s o m e r i z a t i o n  
o f  n-Cg on the  m o rd e n i te  c a t a l y s t ,  t h i s  must be con s id ered  s t r o n g  
ev iden ce  t h a t  such is the case.
S t r i c k l a n d  (60)  has d e r i v e d  the  v a r io u s  forms o f  the  r a t e  e x ­
pres s io n  f o r  the  r e a c t i o n  A Z  B on a dual f u n c t i o n  c a t a l y s t  such as those  
used in t h i s  s tu d y .  B a s i c a l l y ,  they  may be summarized as shown below:
Rate C o n t r o l l i n g  S i n g l e  S i t e  Dual S i t e
Step Mechanism Mechanism
I s o m e r i z a t i o n  k =
Dehydrogenat  ion
+ E K . P . ) '
(1 + Z K . P . ) ^
W i t h i n  each o f  these b a s i c  forms,  t h e re  a re  numerous v a r i a t i o n s  
depending on the r e l a t i v e  magnitude o f  the a d s o r p t io n  c o n s t a n t s .  For 
example,  i f  t h e r e  is reason to b e l i e v e  from prev io u s  a n a l y s i s  t h a t  
Ky << K , K , then i t  may be p o s s i b l e  to d e l e t e  the hydrogen ad-
“ 2 ^5 Cg
s o r p t i o n  c o n s t a n t .
I t  can be seen t h a t  i f  a s e r i e s  o f  m ix tu re s  o f  two hydrocarbons is 
fed to the  r e a c t o r  and k f o r  each spec ies  is c a l c u l a t e d ,  i t  is p o s s ib le  
to d e t e r m in e ,  through a n o n - l i n e a r  l e a s t  squares a l g o r i t h m ,  quan­
t i t a t i v e l y  how w e l l  a g iv en  model rep r e s e n ts  the f u n c t i o n a l  dependence
o f  k and k on the  p a r t i a l  p res su re  o f  each r e a c t i o n .  In such an 
C5 ce
a n a l y s i s ,  the independent v a r i a b l e s  a re  the  P . ' s ,  the dependent v a r i a b l e s  
a re  the k ' s ,  and paramete rs  to be de te rmined  a re  the a d s o r p t i o n  c o n s ta n ts  
and the n u m era to rs ,  k T ' s .I
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Danie l  and Wood (62 )  have deve loped a n o n - l i n e a r  l e a s t  squares  
r o u t i n e  which can be used to  t e s t  each model .  Each model to  be t e s t e d  
is o f  the form, f o r  an m param ete r  model ,
k = k ( P . , B j )  i = C5 , Ce , H2
j  = 1 , . . .  , m
From the program ( 6 2 ) ,  the  f o l l o w i n g  in f o r m a t io n  is 
o b t a in e d  f o r  each model .
1. For each p a ram eter ;  a ,  t - v a l u e ,  95% c o n f id e n c e  l i m i t s ,  and the  
numer ica l  v a lu e  a r e  g i v e n .  Th is  a l lo w s  each parameter  to  be 
e v a lu a t e d  i n d i v i d u a l l y .  For a g iven  model ,  the co n f id en c e  l i m i t s  
on each p aram eter  a re  one measure o f  the  v a l i d i t y  o f  the  model .
The c o n f id e n c e  l i m i t s  a re  boundaries  w h ich ,  a t  a g iven  c o n f id e n c e  
l e v e l ,  in c lu d e  the t r u e  v a lu e  o f  the  p a ra m e te r .  These l i m i t s  
r e p re s e n t  a r eg io n  in which the n u l l  h yp o th es is  may be r e j e c t e d  
a t  t h i s  g iven  c o n f id e n c e  l e v e l .  The n u l l  h y p o th e s is  s t a t e s  t h a t  the  
v a r i a b l e  in q u e s t i o n ,  in t h i s  case a g iv e n  parameter  B. ,  is  drawn 
f rom a p o p u la t io n  o f  mean zero  and a s tan d a rd  d e v i a t i o n  c o r res po n d ing  
to t h a t  c a l c u l a t e d  f o r  a g ive n  param ete r .  Th is  is c a l l e d  the n u l l  
p o p u l a t i o n .  The s tan d ard  d e v i a t i o n  is c a l c u l a t e d  f o r  each p aram eter  
as d es cr ib ed  by Danie l  and Wood. For example ,  90% c o n f id e n c e  
l i m i t s  on B. d e f i n e  two p o in t s  symmetr ic  to  the mean a t  which  
t h e r e  is a 10% chance t h a t  the v a lu e  o f  B. was drawn from the n u l lI
p o p u l a t i o n .  For a two pa ra m e te r  model ,  a p l o t  o f  B% vs .  B2 would be 
an e l l i p s o i d .  V a r io u s  c o n f id e n c e  regions would then d e f i n e  c o n c e n t r i c  
e l l i p s o i d s .  The l a r g e r  the  co n f id e n ce  p r o b a b i l i t y ,  the l a r g e r  the
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e l l i p s o i d s .  For a t h r e e  p a ra m e te r  model ,  the c o n f id e n c e  re g io n  
d e f i n e s  a response s u r f a c e  shaped as a h y p e r e l i p s o i d , i . e . ,  a 
roughly  egg-shaped s u r f a c e .  The t - v a l u e  f o r  a g iven  param eter  
d e f i n e s ,  f o r  the  degrees o f  f reedom c o r resp o n d in g  to  a g iven  model ,  
the p r o b a b i l i t y  t h a t  the  v a lu e  c a l c u l a t e d  f o r  t h a t  parameter  was 
not drawn from the n u l l  p o p u l a t i o n .  For example ,  f o r  a t - v a l u e  o f  
2 . 0  and 18 degrees o f  f reedom, the p r o b a b i l i t y  t h a t  the  n u l l  hypo­
t h e s i s  can be r e j e c t e d  is -970 . a is th e  s ta ndard  d e v i a t i o n  f o r  
th e  g iv e n  parameter  c o r re s p o n d in g .
2.  The cross c o r r e l a t i o n  m a t r i x  f o r  the parameters  is g iv e n .  This
m a t r i x  assigns a v a lu e  from - 1 .0 0  to 1.00  to each se t  o f  parameters
to  d e s c r i b e  the in te rdependence  o f  those  p a ra m e te rs .  For 
example ,  a va lu e  o f  .98  to d e s c r i b e  th e  r e l a t i o n s h i p  o f  to 82 
would i n d i c a t e  t h a t  Bj and 82 a re  " h i g h l y  c o r r e l a t e d "  and one may 
be d e l e t e d  from th e  model w i t h o u t  s i g n i f i c a n t  e f f e c t  on th e  f i t
o f  the  e x p e r im e n ta l  da ta  being  a n a l y z e d .  T h is  m a t r i x  is  a v a l u a b l e  tool  
in d i s t i n g u i s h i n g  between say a 4 and 5 p aram eter  model o f  b a s i c a l l y  
the same f u n c t i o n a l  form.
3 . The r e s id u a l  ro o t  mean square (RRMS), r e s i d u a l  sum o f  square
( R S S ) , and r e s id u a l  mean square (RMS) a r e  g iv e n .  RSS is s imply
the sum o f  the squares o f  the r e s i d u a l s  between the model and the 
d a t a .  I t  g iv es  the t o t a l  " v a r i a t i o n "  between the bes t  f i t  the  
model can g iv e  and the a c t u a l  d a t a .  When RSS is d iv id e d  by the  
r e s id u a l  degrees o f  f reedom, RMS is o b t a i n e d .  Then RRMS = (RMS)
RRMS is a measure o f  the ave ra g e  e x p e r im e n t a l  e r r o r .
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4.  A p l o t  o f  th e  c u m u la t iv e  f requency  o f  r e s i d u a l s ,  both p o s i t i v e  
and n e g a t i v e ,  is g i v e n .  I f  the model r e s u l t s  in a normal d i s t r i ­
b u t io n  o f  r e s i d u a l s  t h i s  p l o t  should be a s t r a i g h t  l i n e  w i t h  a 
p o s i t i v e  s lo pe  passing  through the  p o i n t  (O, . 5 ) -  T h is  i n d i c a t e s  
t h a t  no s t a t i s t i c a l  b ia s  is p r e s e n t  in the e x p e r im e n t a l
e r r o r s .
5 .  A p l o t  o f  r e s i d u a l  v a lu e s  as a f u n c t i o n  o f  the f i t t e d  v a lu e s  o f  
k is  g i v e n .  T h is  p l o t  enables  one to  v i s u a l i z e  the d i s t r i b u t i o n  
o f  the r e s i d u a l s  around z e ro  and d e te rm in e  i f  t h e r e  a r e  any 
p a r t i c u l a r l y  suspect  da ta  p o i n t s .  I f ,  f o r  example ,  one suspect  
p o i n t  accounted  f o r  a l a r g e  p a r t  o f  the e r r o r  o f  a g iv en  model ,  
t h i s  p o i n t  would be q u i t e  f a r  from the o t h e r s  on t h i s  p l o t .  A ls o ,  
the  t re n d  o f  the r e s i d u a l s  w i t h  f i t t e d  k ' s  a l lo w s  one to d e te rm in e  
i f  the  model is b ias ed  toward small  o r  l a r g e  v a lu e s  o f  k in  
d e t e r m i n a t i o n  o f  the p a ram e te rs .  For example,  i f  a l l  the la r g e  
r e s i d u a l s  were found a t  l a r g e  va lues  o f  k ,  t h i s  may i n d i c a t e
t h a t  the  model is  b iased  toward low va lu es  o f  k.
V a r i a t i o n s  o f  each o f  the  models shown p r e v i o u s l y  was used 
w i t h  the  program d e s c r ib e d  above to de term in e  the s t a t i s t i c a l l y  bes t  
one. For example ,  i f  the model d e r i v e d  from the assumption o f  de­
hydrogenat  ion as the r a t e  c o n t r o l l i n g  s t e p ,  a dual s i t e  mechanism,
and Kl, << K , K was found to be c l e a r l y  s u p e r i o r  to any o t h e r ,  then  
Hz Cg Cg
t h i s  would c o n s t i t u t e  s t ro n g  ev id en ce  in f a v o r  o f  such a model .  Of  
c o u rs e ,  i t  is p o s s i b l e  to check these assumptions by the methods de­
s c r i b e d  e a r l i e r .  W i t h i n  each model th e r e  a re  s e v e r a l  v a r i a t i o n s  to be 
c o n s id e r e d .  For example ,  the  r e l a t i v e  va lu es  o f  the a d s o r p t i o n  c o n s ta n ts
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may make i t  p o s s ib l e  to  d e l e t e  from a model .
I f  the  parameters  r e p r e s e n t  t r u e  e q u i l i b r i u m  a d s o r p t io n  c o n s t a n t s ,
whose va lu es  do not  change on d i l u t i o n  w i t h  a n o t h e r  h ydrocarbon ,
then B i , Bo, and B3 should  be the same f o r  both k and k . Only the
1 C5 C6
num erator ,  which c o n t a in s  t h e  t r u e  s u r f a c e  r e a c t i o n  r a t e  c o n s t a n t ,  should
be d i f f e r e n t  f o r  k and k . I t  is p o s s i b l e  to "c o u p le "  the da ta
C5 C6
f o r  k and k in o r d e r  to f o r c e  the  parameters c o r re sp o n d in g  to the  
C5 C5
a d s o r p t io n  c o n s t a n t s ,  here  Bi and B2 , to  be equal  f o r  k and kC5 C5
However,  as noted p r e v i o u s l y ,  t h e r e  is not  a lways a r e l a t i o n s h i p  between
e q u i l i b r i u m  a d s o r p t i o n  co n s ta n ts  and those o b t a i n e d  on r e a c t i n g  systems ( 6 0 ) .
Thus,  such c o u p l in g  may not  be v a l i d .  I t  is p o s s i b l e  to d e te rm in e  from
s t a t i s t i c a l  a n a l y s i s  o f  v a r io u s  models w h ether  o r  not  c o u p l in g  is  v a l i d .
For example ,  i f  a coupled  model r e s u l t e d  in a s m a l l e r  r e s i d u a l  ro o t  mean
square than the c o r re sp o n d in g  models f o r  the i n d i v i d u a l  k and k ,
C5 Cg
then i t  could be s a id  t h a t  c o u p l in g  is  v a l i d .  M e c h a n i s t i c a l l y ,  t h i s  would  
imply t h a t  the a d s o r p t i o n  p aram eter  f o r  each o f  the two r e a c t i n g  s p e c i e s ,  
n-Cg and n-Cg,  were independent  o f  d i l u t i o n  by the o t h e r .  I f  the coupled  
model r e s u l t e d  in a h ig h e r  RRMS than th e  i n d i v i d u a l  models,  i t  i m p l ie s  
some i n t e r a c t i o n  between the  a d s o r p t io n  o f  C5 and Cg.
Due to e x p e r i m e n t a l  e r r o r ,  i t  may not  be p o s s i b l e  to s e l e c t  one 
s p e c i f i c  model as c l e a r l y  s u p e r i o r  to a l l  o t h e r s .  However,  i t  is 
a n t i c i p a t e d  t h a t  s e v e r a l  genera l  forms may be e l i m i n a t e d  from c o n s i d e r a t i o n .  
Coupled w i t h  an a n a l y s i s  o f  the da ta  as d e s c r ib e d  p r e v i o u s l y ,  i n s i g h t  
i n t o  the mechanism o f  the r e a c t i o n  and the i n t e r a c t i o n  o f  n-Cg and 
n-Cg and t h e i r  isomers on the c a t a l y s t  s u r f a c e  may be o b t a i n e d .  In 
a d d i t i o n ,  the d i f f e r e n c e s ,  i f  any,  in P d - H - f a u j a s i te  and P d -H -m o rd e n i te  
c a t a l y s i s  may be examined from a m e c h a n is t ic  v iew p o i n t .
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M o rde n i te  E xper im enta l  R e s u l ts
in o r d e r  to  e s t a b l i s h  b a s e l i n e  a c t i v i t y  data  f o r  each c a t a l y s t ,  
pure component runs were made using both n-Cg and n-Cg.  T a b le  1 shows, 
the f i r s t  o r d e r  r a t e  c o n s t a n t s  f o r  pure n-Cg h y d r o i s o m e r i z a t i o n  a t  50 0 °F ,  
350 ps ig  over  P d -H -M o r d e n i t e  and T a b le  2 shows s i m i l a r  r e s u l t s  a t  5 0 0 ° F ,  
450 p s i g .  I t  can be seen t h a t  the m o rd e n i te  c a t a l y s t  used in t h i s  study  
had an a c t i v i t y  f o r  Cg i s o m e r i z a t i o n  comparable to  those used p r e v i o u s l y  
w ith  14/1 S i 0 2 / A l 2 0 g  r a t i o s  a t  10/1 Hg /h ydrocarbon .  Note t h a t  the  
s t u d ie s  o f  W a l lace  (1)  a t  20/1 H2/HC r a t i o s  on a s i m i l a r  c a t a l y s t  r e ­
s u l t e d  in lower r a t e  c o n s t a n t s .  Th is  is c o n s i s t e n t  w i t h  p rev io u s  
f i n d i n g s  o f  B ryan t  ( 3 3 ) .  T a b le s  1 and 2 a ls o  show t h a t  a 14/1 S 102/ A 1203 
r a t i o  r e s u l t e d  in a more a c t i v e  c a t a l y s t  than a 10/1 r a t i o .  T h is  was due 
to decreased pore d i f f u s i o n  r e s i s t a n c e  r e s u l t i n g  from l a r g e r  pores r e ­
s u l t i n g  from the removal o f  A1 atoms.
S ince  each s tudy shown in Tab les  I and 2 was done on the  
same type c a t a l y s t  but  ones which were made in d i f f e r e n t  b a tc h e s ,  some 
s c a t t e r  in the r a t e  c o n s ta n ts  was to  be e x p e c ted .  A c t i v i t y  is s t r o n g l y  
dependent on the p r e p a r a t i o n  procedures and batch to batch  v a r i a t i o n  is 
i n e v i t a b l e .  In a d d i t i o n ,  smal l  t e m p e ra tu re  v a r i a t i o n s  o f  2 - 3 ° F  
which were t y p i c a l  in p r e v io u s  s t u d ie s  added to s c a t t e r  o f  the  d a t a .
I t  may be co n c lu d ed ,  then ,  t h a t  the c a t a l y s t  used in t h i s  
study  was o f  a comparable a c t i v i t y  to  those used in th e  p a s t .
In o r d e r  to  check the  assumption o f  a f i r s t  o r d e r  r e v e r s i b l e  
r e a c t i o n ,  a p l o t  o f  l n ( l - Y g / Y * )  versus  ( w / h r / w ) " ^  f o r  n-Cg is shown 
in F ig u re  6. As shown p r e v i o u s l y ,  such a p l o t  should be l i n e a r  w i t h
an i n t e r c e p t  o f  1, i f  the r e a c t i o n  can be r e p re s e n te d  by a f i r s t  o r d e r
model . I t  can be seen t h a t  t h i s  assumption was v a l i d .  Prev io us  s t u d ie s
61
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TABLE 1
n-Pentane  H y d r o i s o m e r i z a t io n  Over a P d - H - M o r d e n i t e  C a t a l y s t
50 0°F ,  350 psig
62
1nvest  i g a t o r H, /HC S i Op/ AlpOp ^IST
Th is  study 10/1 14/1 .148
L i vesay 10/1 14/1 .1935
Li vesay 10/1 14/1 .1899
L iv e s a y 10/1 14/1 . 1606
L i vesay 10/1 14/1 .1542
L iv esay 10/1 14/1 .1971
L ivesay 10/1 14/1 .1600
L ivesay 10/1 14/1 .1541
W a l la c e 20/1 14/1 .10373
Wa11 ace 20/1 14/1 .09541
Wa 11 ace 20/1 14/1 .18318
W a l la c e 20/1 14/1 .08551
Wa 11 ace 20/1 14/1 .07913
Bryant 3 . 5 / 1 10/1 .047
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TABLE 2
n-P entane  H y d r o is o m e r i z a t i o n  Over a F d -H - M o r d e n i te  C a t a l y s t
5 0 0 ° F ,  450 psig
1n v e s t i  g a t o r H?/HC SiO?/Al?Oq '^IST
T h is  study 10/1 14/1 .1061
Li vesay 10/1 14/1 . 1012
L i vesay 10/1 14/1 .1236
L ivesay 10/1 14/1 .0976
L ivesay 10/1 14/1 .1218
L ivesay 10/1 14/1 .1147
L ivesay 10/1 14/1 .1119
Li vesay 10/1 14/1 .1081
L i vesay 10/1 14/1 .1087
L i vesay 10/1 14/1 .0958
Wa11 ace 20/1 14/1 .04821
Wa11 ace 20/1 14/1 .04871
W a l1 ace 20/1 14/1 .04477
Wa11 ace 20/1 14/1 .06059
W al1 ace 20/1 14/1 .06506
W a l 1 ace 20/1 14/1 .04857
W a l1 ace 20/1 14/1 .04966
W a l la c e 20/1 14/1 .05659
W a l1 ace 20/1 14/1 .05212
Hab i be 6/1 10/1 .0139
Hab i be 6/1 10/1 .0107
Bryant 3 . 5/1 10/1 .034
Bryant 3 . 5/1 10/1 .026
Hopper 3 . 2/1 26/1 .0057














1 . 4.02 .04 .06 .08 1.0 1.20
1/w/hr/w
F ig u r e  6 .  T es t  f o r  f i r s t  o r d e r  r e v e r s i b l e  
r e a c t i o n ,  n-C^.
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have shown t h a t  s i m i l a r  r e s u l t s  were o b ta in e d  on t h i s  c a t a l y s t  f o r  
n-Cg h y d r o i s o m e r i z a t i o n  ( 6 5 ) .
Now, hav in g  e s t a b l i s h e d  the  r e l a t i v e  a c t i v i t y  o f  t h i s  c a t a l y s t  
and the v a l i d i t y  o f  f i r s t  o r d e r  r e v e r s i b l e  k i n e t i c s ,  the  assumption o f  
a dual s i t e  mechanism must be checked. As d iscussed e a r l i e r ,  a p l o t  
o f  k r V h  versus should  g i v e  a s t r a i g h t  l i n e  w i t h  a p o s i t i v e
i n t e r c e p t .  T h is  i n t e r c e p t  corresponds to the t r u e  s u r f a c e  r e a c t i o n  
r a t e  c o n s t a n t .  F ig u re s  7 and 8 show p l o t s  o f  t h e  C5 and Cg r a t e  constants  
versus t o t a l  p re ssu re  a t  450°  and 4 6 5 °F .  In both cases ,  o n ly  the  
p l o t  o f  k ^2 gave a p o s i t i v e  i n t e r c e p t .  Th is  co nf i rm ed  th e  assump­
t i o n  o f  a dual s i t e  mechanism f o r  both Cg and Cg h y d r o i s o m e r i z a t i o n .
F ig u re  9 shows the e f f e c t  o f  te m p e ra tu r e  on k_ and k_ . As
^ 6  Cg
e xp e c te d ,  th e  A r rh e n iu s  r e l a t i o n s h i p  was o b s erve d .  As noted p r e v i o u s l y ,  
the ap p are n t  a c t i v a t i o n  energy  c a l c u l a t e d  from such a p l o t  is g ive n  by
m
E = E" + E AH . + nR d l n ( l  + E K .P . )  
a p p  I - ,  i = l  I I
d ( i )
As the n a t u r e  o f  the c a t a l y s t  s u r f a c e  changes, the s u r f a c e  a d s o r p t io n
en erg y ,  AH, w i l l  change.  Thus,  some v a r i a t i o n  from c a t a l y s t  to
c a t a l y s t  may be expected  even i f  the  t ru e  s u r f a c e  r e a c t i o n  a c t i v a t i o n
e n e r g y , ET were  the same. Previous s t u d ie s  on a m o rd e n i te  o f  t h i s
type found E __ to  be between 30 and 50 kcal  f o r  rrCg h y d r o i s o m e r i -
g-mole
z a t i o n  ( 5 9 ) .  From F ig u r e  9 ,  i t  can be shown t h a t  (E ) is  55 k ca l  and
app n-Cg g-mole
( E )n -C g is 33 kcal  . These va lues  were comparable to  those
P̂P i^ l e  .
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F ig u r e  7.  T es t  f o r  a dual s i t e  mechanism, n-C^
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( k c s )
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4 5 0 ° F  /  ■
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3 0 02001000
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4 6 5 ° F3
2
1
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P r e s s u r e ,  p s i g  
F i g u r e  8.  T e s t  f o r  a dual s i t e  mechanism,n-C^
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Temperature, °F 
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1.081.06.98 1 . 0 2
-11000/T, °R
Figure 9. Arrhenius plot of first-order
rate constants, pure n-Cg and Cg
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o b t a in e d  on p re v io u s  s t u d i e s  which a l s o  showed ( E ) n - C g < (E ) n-Cs
app 3PP
( 5 9 ) .  The e f f e c t  o f  the hydrogen to hydrocarbon mole r a t i o ,
H2/H‘C, may be used to  t e s t  the r e l a t i v e  v a lu es  o f  the a d s o rp t io n  
co n stan ts  o f  hydrogen and the hydrocarbon r e a c t a n t s .  F ig u re  10 shows 
a p l o t  o f  k -  and k_ versus l / ( R + l )  a t  200 and 300 p s ig  : to t a l
^5 Lg
p re s s u r e .  Since  these  l i n e s  had n e g a t i v e  i n t e r c e p t s  f o r  both p r e s s u re s ,  
the d a ta  i n d i c a t e  t h a t  >> . F ig u re  I I shows a p l o t  o f  k^^2 and
-  1 /
kj.  ̂ versus R / ( R + I ) .  Th is  l i n e  had a p o s i t i v e  abs c issa  i n t e r c e p t .
6
i n d i c a t i n g  t h a t  K_ >> K„- c o n f i rm in g  the r e s u l t s  o f  F ig u re  9- 
□ 2 n t ,
Th is  knowledge was v a l u a b l e  in d i s c r i m i n a t i n g  between two models f o r  th e
r e a c t i o n .  For example ,  i f  the s t a t i s t i c a l l y  d e te rm in ed  a d s o rp t io n
param eters f o r  the  hydrocarbon spec ies  were much s m a l l e r  than f o r
hydrogen,  such a model would be I n c o n s i s t e n t  even i f  the f i t  were good. In
a d d i t i o n ,  i f  >> ^  , K_ may be n e g le c t e d  in some models as a 
HU H 2 H 2
v a l i d  s i m p l i f i c a t i o n  o f  the s t a t i s t i c a l  a n a l y s i s .
F ig u res  12 through 19 show the e x p e r i m e n t a l l y  de te rmined
v a lu es  o f  th e  f i r s t  o r d e r  r a t e  co n stan t  f o r  both Cg and Cg h y d r o i s m e r i -
z a t i o n  a t  v a r io u s  c o n d i t i o n s .  Each f i g u r e  r e p re s e n t s  one se t  o f  runs
a t  a g iv en  te m p e ra tu re  and p r e s s u r e .  The H2/HC r a t i o  was l O / l  to  18/1
and w / h r / w  was about 6 . 4  f o r  a l l  runs. For each s e t  o f  runs,
pure n-Cg and n-Cg and t h r e e  m ix tu re s  were is o m e r iz e d .  The r a t e
co n stan ts  were c a l c u l a t e d  based on the con v ers io n  o f  normal r e a c t a n t
to isom er iz ed  p r o d u c t s ,  as o u t l i n e d  p r e v i o u s l y .
The g en era l  t ren d  o f  k_ and k_ w i t h  m i x t u r e  c o n c e n t r a t i o n
C g  Cg
is c o n s t a n t  a t  both 450°  and 465°F .  At  both te m p e r a t u r e s ,  k_ 
decreased  when the feed  was d i l u t e d  w i t h  n-Cg w h i l e  k_ in creased  onL A
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Figure 10, Rate constant versus Hg/HC ratio.
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Figure ]]. Rate constant versus H 2 /HC ratio,















F ig u re  12. Rate c o n s ta n t  versus feed co mposit ion ,















F ig u r e  13* Rate c o n s ta n t  versus  feed composit ion ,
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F ig u r e  14. Rate c o n s ta n t  ve rsus  feed  com pos it ion .
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F i g u r e  i 5 .  Rate c o ns tan t  versus feed  com pos it ion ,
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F ig u re  16. Rate c o ns tan t  versus  feed  com posit io n ,
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F ig u r e  17- Rate co n s ta n t  versus feed  co mposit io n ,
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F ig u r e  18. Rate co n s ta n t  versus feed  com posit ion .
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F ig u r e  19. Rate c o n s tan t  versus  feed c o m pos it io n ,
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d i l u t i o n .  As d iscussed  p r e v i o u s l y ,  t h i s  would be the  r e s u l t  i f  
n-Cg were more s t r o n g l y  adsorbed than n-Cg.  The mean pore d ia m e te r  
o f  Pd -H -m o rd en i te  is 8 - 1 0  % ( 5 0 ) .  W hi le  the  m o l e c u la r  d ia m e t e r  o f  
n-Cg is s l i g h t l y  g r e a t e r  than n-Cg,  both molecu les  a r e  about 5 X 
in d ia m e te r  and pore s ie v e  a c t i o n  would not  ex c lu d e  e i t h e r  s p e c i e s .
Thus,  pore r e s i s t a n c e  would not  account f o r  the  d i f f e r e n c e s  in r a t e  
constants  w i t h  d i l u t i o n .
I t  can a l s o  be noted  t h a t  the  a b s o l u t e  v a lu e s  both k„ and
O5
k_ decreased w i t h  in c r e a s in g  t o t a l  p r e s s u r e .  T h is  r e s u l t  was c o n s i s t e n t
w i t h  the ge n era l  Langmuir  type  model pre sented  e a r l i e r ,  r e g a r d l e s s  o f
the  r a t e  d e t e r m in i n g  s t e p .
The v a lu es  o f  k„ a r e  g r e a t e r  than k_ a t  any g iven  
vg  ̂5
c o n d i t i o n s .  Th is  phenomena can be e x p la i n e d  by p o s t u l a t i n g  t h a t  
n-Cg is more s t r o n g l y  adsorbed than n-Cg.  A l s o ,  the f i r s t  o r d e r  r a t e  
constant  is g iven  by
m
2
(1 + E K . P . )
where k is the t r u e  s u r f a c e  r e a c t i o n  r a t e  c o n s t a n t .  As noted in  
o
eq u a t io n  (18 )  , the  v a lu e  o f  k^ f o r  n-Cg may be o b t a i n e d  from the i n t e r ­
cepts o f  F ig u res  7 and 8.  From these f i g u r e s ,  i t  can be seen t h a t  
a t  4 6 5 °F ,  ( k _ ) _  = .6 and (k ) -  = 1 . 0 .  Thus, the s u r f a c e  r e a c t i o n
°  C g  o  Cg
r a t e  o f  n-Cg appeared  to  be g r e a t e r  than t h a t  o f  n-Cg.
I t  can a l s o  be seen t h a t  the a b s o lu t e  v a lu es  o f  both
k_ and k„ decreased  w i t h  in c r e a s i n g  H2/HC r a t i o  = R. T h is  may be 
Cg Cg
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e x p la i n e d  by c o n s i d e r in g  the e q u a t io n
I +  R
At c o n s ta n t  t o t a l  p r e s s u r e ,  in c r e a s i n g  R w i l l  decrease the va lu e  o f  k ,  
prov id ed
The e x p e r im e n t a l  r e s u l t s  as a n a ly z e d  thus f a r  a re  c o n s i s t e n t  
w i t h  the f o l l o w i n g :
1. F i r s t  o r d e r  r e v e r s i b l e  k i n e t i c s ,  F ig u r e  6.
2.  A dual s i t e  mechanism f o r  both n-Cg and n-Cg 
h y d r o i s o m e r i z a t i o n .  F ig u res  7 ^8 .
3 . ( k  ) _  > (k  ) „  , F ig u re s  7 , 8 .0 Cg 0 Cg
4 .  F ig u r e s  1 0 , 1 1 .
T h is  in f o r m a t io n  was used in th e  f o r m u l a t i o n  o f  va r io u s  
k i n e t i c  models,  and in a n a l y z i n g  the r e s u l t s  o f  s t a t i s t i c a l  programs.
The s t a t i s t i c a l  a n a l y s i s  was c a r r i e d  ou t  as f o l l o w s :  The
r a t e  c o n s t a n t s ,  k_ and k_ , were expressed  as fu n c t i o n s  o f  p a r t i a l
O5 Lg
p ressures  and parameters to be d e te rm in e d .  For example,
k ; =    i = Cg, Cg
(1 4. B,  + B, + =3
is the model expected  from Langmuir a d s o r p t i o n ,  a dual s i t e  mechanism,
and dehydrogenat io n  as the r a t e  c o n t r o l l i n g  s t e p .  Th is  model may
then be s u b je c t e d  to  n o n - l i n e a r  re g r e s s io n  a n a l y s i s  to d e te rm in e  the
l e a s t - s q u a r e s  va lues  o f  the p a ra m e te r s ,  B . .  In t h i s  p a r t i c u l a r  model ,
corresponds to  K_ , B2 to  K_ , B3 to  K_ . Tab les  4 through 6 
^5 ^6 ^2
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show the r e s u l t s  o b ta in e d  on the m o rd en i te  c a t a l y s t  f o r  both coupled  
and i n d i v i d u a l  C5 and Cg models.  For each o f  the i n d i v i d u a l  models 
20 da ta  p o in t s  were used,  w h i l e  40 da ta  p o i n t s  were used in each 
coup led m ode l .
T a b l e  3 shows the models t h a t  were used f o r  i n d i v i d u a l  
and coupled m ode l ing .  These models were based on both t h e o r e t i c a l  
forms d e r i v a b l e  from the k i n e t i c  models deve loped in the prev ious  
s e c t i o n  (Models 1 - 6 , 9 - 1 2 )  and more e m p i r i c a l  forms(Models 7 , 8) . Models 
7 , 8  c o n ta in e d  Langmuir a d s o r p t io n  denominators w i t h  P. in  the num erator .  
As can be seen from T a b le s  4 - 6 ,  the  c o e f f i c i e n t  o f  P. in some models 
became e s s e n t i a l l y  z e r o .  The n a tu re  o f  the s t a t i s t i c a l  program o f  
Danie l  and Wood was such t h a t  when a c o e f f i c i e n t  in a denominator  
approached z e r o ,  i t  i n d i c a t e d  t h a t  t h i s  param e te r  and co rrespond in g  
independent  v a r i a b l e ,  i f  p laced  in the n u m era to r ,  may r e s u l t  in a 
b e t t e r  f i t .  For t h i s  reason.  Models 7 , 8  were  t e s t e d .
Tab les  4 - 6  show the s t a t i s t i c a l  r e s u l t s  o b t a in e d  on the  
e i g h t  models t e s t e d  f o r  the data  o b t a in e d  on Pd -H -m o rd en i t e .
For the i n d i v i d u a l  ( k_ and k_ ) models,  i t  can be seen by
^5 Lg
examining the RMS and RRMS t h a t  f o r  both k_ and k„ , Models 2 , 4 ,
5 ,  7,  9 ,  and 10 had the  lower e r r o r  te rms.  For M ode l  2 in both
cases ,  however,  the v a lu e  o f  approached z e r o  w h i l e  83 > 0 . Since
Bi corresponded  to  K_ and 83 to , and s in c e  i t  has been shown
V5 "2
t h a t  »  Ky t h i s  Model was r e j e c t e d  as u n r e a l i s t i c .
Model 7,  a l th o ug h  i t s  e r r o r  term was s m a l l ,h a d  no c e r t a i n t y
in any o f  the p a ra m e te rs ,  as shown by th e  low t - v a l u e s .  In a d d i t i o n ,
i t  can be seen from the  c o r r e l a t i o n  m a t r i x  t h a t ,  f o r  k_ , the parameters
 ̂5






































2 k = B4
(1 + Bi B3
3 k = B3
(1 + Bi + P c /
4 k = B3
Bi Pc^ + 82 Pc^)2
5 k = B3
'■cs "  ’’ cs*
6 k = 6 m
(1 + Bi '■cs + =2 Pce + ^3
ASSUMPTIONS LEADING TO THE MODEL
Dehydrogenat ion r a t e  c o n t r o l l i n g ,  K,,„>> K„ ,
HC 0 2
63 rep r e s e n ts  the number o f  s i t e s .
Hydrogen r a t e  c o n s ta n t  s i g n i f i c a n t ,  dual  
s i t e  mechanism, dehydrogenat ion  r a t e  
c o n t r o l  l i n g .
Dehydrogenat ion r a t e  c o n t r o l l i n g ,  
>> , dual  s i t e  mechanism.
I s o m e r i z a t i o n  r a t e  c o n t r o l l i n g ,  K^^>> ,
dual s i t e  mechanism.
Same as 4 bu t  s i n g l e  s i t e  mechanism.
B5 d e f i n e s  number o f  s i t e s ,  K s i g n i f i c a n t ,
02











% MODEL NUMBER MODEL ASSUMPTIONS LEADING TO THE MODEL
o'
2, 7 k =  B l, Pi_______ i = C5 f o r  k_ , = Ce f o r  k , K_
1-5 ^6 ” 2
(1 + Bj P_ + B2 P_ + B3 P s i g n i f i c a n t  P . i n  numerator  is sem i-
I  *̂ 5 Ce Hz e m p i r i c a l .  '
















(1 +  Bz P_ +  B3 P .  ) 2
^5 ''6
3
CD 9 k = Bz S i n g le  s i t e  mechanism, i s o m e r i z a t i o n  r a t e
( I  +  Bl )P„  c o n t r o l U n g .
^6 "2
10 k =_ I 2__________  Same as 9 w i t h  a dual  s i t e  mechanism.
( '  + Bl '■Cs>' ’’h ^
11 k = Bo Same as 9 w i t h  K. >> K , K .---------------c-----------------  C5 Ce Hz
( ' + = '  PC5> V
12 k =  B2___________  Same as 11 w i t h  a dual s i t e  mechanism.


















k = 6 4 '5
( l + B j P  + B2 P )C5 Cg
B3
ASSUMPTIONS LEADING TO THE MODEL
Dehydrogenat ion r a t e  c o n t r o l l i n g ,  K„_ >> K
n t  H2





8 4 , 5
(1 + Bl P + B2 P 83 Pu )C5 Cg
Dehydrogenat ion r a t e  c o n t r o l l i n g ,  K.







(1 + Bl P + Bz P )2
C g  C g
Dehydrogenat ion r a t e  c o n t r o l l i n g ,  >> 





k = 83,4 I s o m e r i z a t io n  r a t e  c o n t r o l l i n g ,  dual s i t e






k = 8 3 .
(1 + Bl P + B2 P )P
C5 Cg Hz
Same as A but  s i n g l e  s i t e  mechanism.
k = 8 4 , 5
(1 + B, + B. H- B; P„^) Be
Dehydrogenat ion r a t e  c o n t r o l l i n g ,  Bg























MODEL NUMBER MODEL ASSUMPTIONS LEADING TO THE MODEL
7 k =_____________ B14,5____________________ Same as 6 but  s i n g l e  s i t e  mechanism.
o (1 + Bl P + B2 P + B3 P )
o  0 5  Cg H 2
k = _________________ Bi ,̂ 5____________________ I s o m e r i z a t io n  r a t e  c o n t r o l l i n g ,  dual s i t e
( I  + Bl P + Bz P + 83 P.  ) 2p  mechanism, s i g n i f i c a n t .
C 5  Cg n 112
2
9 k = B2 ,3_________ I s o m e r i z a t i o n  r a t e  c o n t r o l l i n g ,  s i n g l e  s i t e
I  ( I  +  B,  P ) P „  m echanism ,
Q . Cg M2
10 k =_______ B2 , ^__________  Same as 9 but  dual s i t e  mechanism.
(1 + B ,  )2Pw,
Q. 6
11 k = 62 , 3  Same as 9 b u t  K >> K , K_ .
C 5 C g  H 2
12 k =  B2 , ^__________  Same as 11 but  dual s i t e  mechanism.
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VALUE o RMS RRMS RSS
= 7 . 7 x 1 0 - 1 3 1 .00 -1 .2 -> 1 .2 0 . 0 .571
02 = 1.34 .703 1.00 -11 . 14. .2 6 . 1 7
7 B3 = .137 .623 .991 1.00 - 1 . 1 1 .4 .2 .602 .0022 .047 .076
04 = 2 . 6 8 .668  .997  .998  1.00 -21 . -h 26. ,2 11 .6
Bs = 8 . 5 6 .665  .997  .998 1 .00  1.00 - 6 7 . -y 84. .2 37 .2
Bl = 5 .7x10 -1 '* 1.00 - . 0 4 -y .04 0 . 0 .0197
02 = .0385 .882 1.00 - . 0 0 9 4 -y .087 1 .6 .0236
8 B3 = .00297 - . 4 2 8  - . 2 8 9  1.00 .00041 -y .0055 2 . 4 .00126 .0021 .045 .073
04 = 36 .0 .6 8 2  .725 .265 1.00 12. -y 6 0 . 3.1 11 .6 ■




01 = .0511 1.00 .022 ^  .081 3 .5 .0145
9 02 = 17 .5 .371 1.00 14. ^  21. 9 . 3 1.88
03 = 5 6 .5 .896 .333  1.00 47. 6 6 . 12 .6 4 . 4 9
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were not  in de p en d en t .  For th e  k„ case ,  the param eters  showed in d e ­
xe
pendence w i t h  the e x c e p t i o n  t h a t  B3 and were r e l a t e d  t o  63 » However,  
t - v a l u e s  f o r  a l l  p a ra m ete rs  were less th'an . 6  i n d i c a t i n g  a v e ry  low 
degree  o f  c o n f id e n c e  in th e  param eter  v a l u e s .  On th e  bas is  o f  
s t a t i s t i c a l  u n c e r t a i n t y ,  iMode 1 7 was r e j e c t e d .
Models 4 and 5 were i d e n t i c a l  w i t h  the e x c e p t io n  o f  t h e  e x ­
ponent  o f  the a d s o r p t i o n  term. Models 9 and 10 were a l s o  r e l a t e d  
in the same way.  Both o f  these se ts  o f  models were d e r i v a b l e  from 
the assumptions o f  i s o m e r i z a t i o n  r a t e  c o n t r o l l i n g  and . Model
4 i n d i c a t e d  a dual s i t e  mechanism w h i l e  Model 5 i n d i c a t e d  a s i n g l e  
s i t e  mechanism. S i m i l a r l y ,  Model 9 was a s i n g l e  and model 10 a dual
s i t e  mechanism. Models 9 and 10 f u r t h e r  assumed K„ >>K_ , as shown
Ce C5
from q u a l i t a t i v e :  c o n s i d e r a t i o n s  d iscussed  e a r l i e r .  W h i le  i t  has been 
shown e a r l i e r  in t h i s  s e c t i o n  t h a t  the  da ta  i n d i c a t e d  a dual  s i t e  
mechanism, i t  would be expected  t h a t  s t a t i s t i c a l  a n a l y s i s  o f  these  
se ts  o f  models would y i e l d  the same r e s u l t .
For k -  , .Model 4 r e s u l t e d  in a h ig h e r  t - v a l u e  f o r  a l l  t h r e e
parameters than Model 5.  A l though the RMS and RRMS were h i g h e r  f o r
model 4 ,  i t  can be seen t h a t  the d i f f e r e n c e s  were ve ry  s m a l l ,  e s p e c i ­
a l l y  when compared to  th e  va lu es  o b t a i n e d  on o t h e r  models .  The c o r r e l ­
a t i o n  m a t r i x  f o r  Model 4 showed t h a t  no param ete r  was c o r r e l a t e d  above  
the  .95 le v e l  w h i l e  Model 5 r e s u l t e d  in 83 c o r r e l a t e d  w i t h  B̂  and 83 
a t  . 95  o r  above.  T h is  i n d i c a t e d  t h a t  in Model 4 the pa ram ete rs  a re  
more in d ependent .  I t  is  im p o r t a n t  to note t h a t  both Models 4 and 5 
were c o n s i s t e n t  w i t h  the  q u a l i t a t i v e  o b s e r v a t io n  made e a r l i e r  t h a t
K_ <K_ . T h a t  i s ,  to the e x t e n t  t h a t  83 and 83 correspond  to  
*-5 ^6
K_ and K_ , Models 4 and 5 r e s u l t  in v a l i d  v a lu es  f o r  8% and 8 3 ,
''5 ^5
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
98
namely 6% < Bg. Based on the h i g h e r  t - v a l u e s  o f  th e  Model 4 p a r a ­
meters and the r e l a t i v e  independence o f  the p a ra m e te rs ,  i t  is judged  
t h a t  Model 4 is s u p e r i o r .
Models 9 and 10 would be expected  to  demonstrate the  
same r e l a t i o n s h i p  as Models 4 and 5.  I t  can be seen t h a t  the e r r o r  
terms o f  Models 9 and 10 were e s s e n t i a l l y  equal to each o t h e r  and to  
those o f  Models 4 and 5.  However,  as w i t h  Models 4 and 5 ,  the dual  
s i t e  Model,  10, had a h i g h e r  t - v a l u e  f o r  B^, w i t h  the t - v a l u e s  f o r  
B2 being e q u a l .  in a d d i t i o n ,  the Bi-B% c o r r e l a t i o n  was l e s s , . 658 versus  
. 6 7 5 . f o r  Model 10. On the bas is  o f  more c e r t a i n t y  and independence  
o f  the p a ram ete rs .  Model 10 was s u p e r i o r .
Now, f o r  k-  , Models 4 and 10 must be compared. I t  can be
seen t h a t  i f  i t  is assumed t h a t  K_ >> K_ , Model 4 becomes Model 10.
^6 C5
The two models a r e  thus not  c o n t r a d i c t o r y  but  complementary,  both
being d e r i v a b l e  from the same assumptions w i t h  on ly  the above ment ioned
d i f f e r e n c e .  I t  can be seen t h a t  B% in Model 4 ,  c or respond in g  to  K_ ,
^ 5
had a low t - v a l u e  and in c lud es  zero  in the 95% co n f id e nc e  l i m i t s .  On
t h i s  b a s i s ,  i t  was im p o ss ib le  to r e j e c t  th e  h yp o th e s is  t h a t  B  ̂ was
ze ro  a t  the .95 l e v e l .  Thus, s t a t i s t i c a l l y .  Model 10 was s u p e r i o r .
The t - v a l u e s  f o r  both B% and B2 o f  Model 10 a re  3 . 9  and 1 4 .6 ,  i n d i c a t i n g
t h a t  the n u l l  h yp o th es is  may be r e j e c t e d  w e l l  above the .99 c o n f id e n c e
l e v e l .  Thus,  f o r  k_ models, i t  can be seen t h a t  Model 10 vias both
s t a t i s t i c a l l y  s u p e r i o r  and was c o n s i s t e n t  w i t h  the  q u a l i t a t i v e  and
q u a n t i t a t i v e  c o n c lu s io n s  presen ted  e a r l i e r  in t h i s  s e c t i o n ,  namely
K_ >> K_ or  K,. , dual  s i t e  mechanism, and i s o m e r i z a t i o n  r a t e  c o n t r o l l i n g .  
Cg C5  H2
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For k„ , Models 4 ,  5 ,  9 ,  and 10 must a l s o  be compared,  o t h e r
models being  r u le d  out  as i n d i c a t e d  e a r l i e r .  For  exam ple,  i t  can be
seen t h a t  f o r  Model 8 ,  B[+ -> 0 which reduced Model 8 to  the same
form as Model 3- However,  the  RMS and RRMS f o r  Model 3 were much
h ig h e r  than f o r  Models 4 ,  5 ,  9 ,  and 10. Models 8 and 3 were thus
r e j e c t e d .  Models 1, 2 ,  6 ,  7 ,  and 12 may be r e j e c t e d  on the b a s is  o f
h ig h e r  e r r o r  te rm s.  Models 4 and 5 both im p l ie d  t h a t  0 .  Note
t h a t  t h i s  r e s u l t e d  in a low t - v a l u e  f o r  B^. Thus Models 4 and 5 were
in a dequate .  However,  they  i n d i c a t e d  t h a t  a b e t t e r  f i t  may be o b t a i n e d
by d e l e t i n g  B̂  f rom the model a l t o g e t h e r .  Models 9 and 10 r e s u l t e d
from the assumption t h a t  K_ >> K„ , as i n d i c a t e d  by the r e s u l t s  o f
Cg Cs
Models 4 and 5* Models 9 and 10 f o r  k were d e r i v e d  assuming s i n g l e  
and dual s i t e  k i n e t i c s ,  r e s p e c t i v e l y ,  w i t h  i s o m e r i z a t i o n  r a t e  c o n t r o l l i n g ,  
as s t a t e d  e a r l i e r .  Even though both these models had o n ly  two p a r a ­
m e te rs ,  which is  few er  than  any o f  the o t h e r s ,  the  e r r o r  term was s m a l l e r  
than f o r  any o t h e r  proposed model f o r  k_ e xcep t  Model 8 ,  which had 
f o u r  pa ram ete rs .  Model 8 had been r u le d  out  p r e v i o u s l y  on the bas is  
o f  low t - v a l u e s  f o r  a l l  p a ra m e te rs .  Thus,  Models 9 and 10 were the  
best  r e a l i s t i c  r e p r e s e n t a t i o n s  o f  the  d a t a .  I t  should a l s o  be noted  
t h a t  z e ro  was not  in c lu d ed  in the  95% co n f id en c e  l i m i t s  o f  the  parameters
f o r  both Models 9 and 10 as was the case f o r  k„ . In o r d e r  to
Cs
d i s t i n g u i s h  between Models 9 and 10, examine f i r s t  the c o r r e l a t i o n  
m a t r i x .  Model 10 showed th e  B1-B2 c o r r e l a t i o n  to be less  than f o r  Model 9 ,  
. 879 to  . 9 0 5 . Model 10 had h ig h e r  t - v a l u e s  f o r  both B  ̂ and B2 . Since  
the RRMS and RMS were e s s e n t i a l l y  the same f o r  Models 9 and 10, Model 10 
was seen as the  s u p e r i o r  s t a t i s t i c a l  r e p r e s e n t a t i o n  o f  the d a t a .  Note 
t h a t  Model 10 was d e r i v a b l e  from a dual s i t e  mechanism whereas Model 9
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r e s u l t e d  from a s i n g l e  s i t e  mechanism. Model 10 being a b e t t e r  f i t  
was thus c o n s i s t e n t  w i t h  the  r e s u l t s  i n d i c a t e d  e a r l i e r  in  t h i s  s e c t i o n .
I t  was concluded t h a t  f o r  both k .  and k .  , Model 10 was
Cs Ce
the s u p e r i o r  model .
For the  coupled  models as shown in T a b le  6 , i t  can be seen
t h a t  Models 1, 2 ,  6 , and 7 may be r e j e c t e d  based on the t - v a l u e s  o f
the pa ra m ete rs .  Of the re main ing  models,  Model 3 had a RMS and RRMS
more than tw ic e  t h a t  o f  Model 4 ,  5 ,  o r  8 . i t  was r e j e c t e d  on the  bas is
o f  a less  adequate f i t  o f  th e  d a t a .  Of Models 4 ,  5 ,  8 , 11, and 12
i t  can be seen in each ca se ,  Bi 0 .  T h is  i n d i c a t e d  t h a t  K_ << K
 ̂ Cs Cs
f o r  the  coupled models as was the  case f o r  k„ a l o n e .  Models 9 and 10 
had the lowest  RRMS and RMS o f  any model exc ep t  the model which had 
been r e j e c t e d  above.  The e r r o r  terms o f  Models 9 and 10 were e s s e n t i a l l y  
equal and cannot  be d i s t i n g u i s h e d  on t h a t  b a s i s .  However,  as was the  
case w i t h  the  i n d i v i d u a l  models .  Model 10, co rresp o n d in g  to a dual  
s i t e  mechanism, had h ig h e r  t - v a l u e s  f o r  Bi and B3 (B2 t - v a l u e  being  
equa l)  than Model 9- In a d d i t i o n ,  the  c o r r e l a t i o n  m a t r i x  showed g r e a t e r  
independence among a l l  o f  the pa ram ete r  r e l a t i o n s h i p s .  Thus, the  
s t a t i s t i c a l  a n a l y s i s  i n d i c a t e d  t h a t  Model 10 was s u p e r i o r .  T h is  was to  
be expected  s in c e  a dual s i t e  mechanism was a l s o  c o n s i s t e n t  w i t h  r e s u l t s  
presented  e a r l i e r  in t h i s  s e c t i o n .
Now, the i n d i v i d u a l  and coupled Model 10 r e s u l t s  must be 
compared. Such a comparison should  reve a l  the v a l i d i t y  o f  the c o u p l in g  
procedure .  From T ab les  4 ,  5 ,  and 6 , i t  can be seen t h a t  f o r  Model 10 
the va lu es  o f  the  parameters  B% B3 were o f  the same o r d e r .  The r e s u l t s
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a r e  shown below f o r  convenience .
From From From
kp Data k_ Data Coupled Data 
C5 C 6
Bl  . 0 4 2 7  .0180  .0205
02 19 .5  53.1  17.5
83     5 4 . 8
Note t h a t  82 f o r  k_ da ta  corresponds to  82 f o r  the coupled  
data  w h i l e  8 2  f o r  k_ data corresponds to  8 3  f o r  the coupled d a t a .  I t  
can be seen t h a t  8% f o r  the coupled  d a ta  l i e s  between the o t h e r  two 
va lu es  as e x p ec te d .  In a d d i t i o n ,  note the c l o s e  correspondence o f  8 2  
f o r  k_ , 1 9 . 5 , and 82 f o r  the coupled d a t a ,  1 7 . 5 .  The same was t r u e  f o r  
8 2  f o r  k_ da ta  and 8 3  f o r  the coupled  d a t a ,  53-1 versus  5 4 . 8 .  Th is  
i n d i c a t e d  t h a t  the  c o u p l in g  procedure  was v a l i d  and d id  not  c o n t r a d i c t  
r e s u l t s  o b t a in e d  by i n d i v i d u a l  a n a l y s i s .
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F a u j a s i t e  E xper im enta l  R es u l ts
As w i t h  th e  m o r d e n i te  c a t a l y s t ,  pure component runs were  
c a r r i e d  out  on the  P d - H - f a u j a s i t e  to  e s t a b l i s h  the  b a s e l i n e  a c t i v i t y  
o f  t h i s  p a r t i c u l a r  c a t a l y s t .  T a b le  7 shows the comparison o f  the  
P d - H - f a u j a s i t e  used in t h i s  s tudy w i t h  s i m i l a r  c a t a l y s t s .  I t  can 
be seen t h a t  th e  c a t a l y s t  used in t h i s  s tudy  had an a c t i v i t y  com­
p a r a b le  to  those used in p re v io u s  s t u d i e s .  I t  should be noted t h a t  
the  i s o m e r i z a t i o n  a c t i v i t y  o f  t h i s  P d - H - f a u j a s i t e , as w i t h  th e  
m o rd e n i te  d iscussed e a r l i e r , w a s  s t r o n g l y  dependent on th e  p r e p a r a t i o n  
t e c h n iq u e .  Thus,  some s c a t t e r  in r a t e  c o n s ta n t  va lu es  from batch  
to  batch was i n e v i t a b l e .
T a b le  8 and F ig u r e  20 show ' a comparison o f  the  a c t i v a t i o n  
energy i n d i c a t e d  by t h i s  s tudy  f o r  th e  i s o m e r i z a t i o n  o f  n -cg  compared 
w i t h  r e s u l t s  o b t a i n e d  on s i m i l a r  c a t a l y s t s  s t u d ie d  a t  LSU, I t  can 
be seen t h a t  the  c a t a l y s t  used in t h i s  s tudy had an a c t i v a t i o n  energy  
f o r  n-cg  i s o m e r i z a t i o n  o f  44 k c a l / g - m o l e  which is comparable to  t h a t  
o b t a in e d  on s i m i l a r  c a t a l y s t s  in p r e v io u s  s t u d i e s .
The r e l a t i v e  magnitudes o f  th e  hydrocarbon and hydrogen  
a d s o r p t io n  c o n s tan ts  may be e v a l u a t e d  by examining the  e f f e c t  o f  the
hydrogen to  hydrocarbon r a t i o ,  H2/HC,  as d iscussed e a r l i e r .  F ig u r e  21
_ 1 /  - 1 /
shows a p l o t  o f  k  ̂ and k  ̂ versus l / ( R + l )  a t  200 and 300 ps ig
5 cg
t o t a l  p r e s s u r e .  F ig u r e  22 shows a p l o t  o f  k ^2 gpd k versus
e g  C g
R/(R+1)  a t  200 ps ig  and 300 p s ig .  As d iscussed e a r l i e r ,  i f  Ku_>>Ku ,
ML H2
then F ig u r e  21 should y i e l d  a s t r a i g h t  l i n e  w i t h  a n e g a t i v e  a b s c is s a  i n ­
t e r c e p t  and F ig u re  22 shou ld  n o t .  T h is  was the  ca se .  These r e s u l t s  were
102
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TABLE 7
n-cg r a t e  c o n s t a n t s ,  P d - H - F a u j a s i t e
PRESSURE, TEMP.,  w / h r / w ,  . 0 5 ,
INVESTIGATOR p s îa  °F  hr~^ cc /g m/sec
Habibe 465 555 8 . 5  6 . 2  .156
500 8 . 5  6 . 0  . 0119
T h is  Study 465 500 6 . 2  10.1 .014
S t r i c k l a n d  465 550 7 . 7  10.1 .O6 9 I
500 3 . 2  10.4 .0171
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TABLE 8
A c t i v a t i o n  e n e rg ie s  f o r  n -cg  h y d r o i s o m e r i z a t i o n  
on P d - H - F a u j a s i t e
ACTIVATION ENERGY, 
INVESTIGATOR TEMPERATURE RANGE, °F  k c a l / g - m o l e
Habibe  500 -5 50  53
S t r i c k l a n d  45 0 -60 0  40
T h is  Study 45 0 -50 0  44
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Figure 20. Arrhenius plot of first-order rate 
constants
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Figure 2]. Rate constant versus H 2 /HC ratio
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Figure 22, Rate constant versus H 2/HC ratio,
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c o n s i s t e n t  w i t h  those  o b t a in e d  on t h e  m o r d e n i te  c a t a l y s t  as shown 
in F ig u res  21 and 22 and i n d i c a t e d  t h a t  t h e  r e l a t i v e  magnitudes o f  
the  hydrogen and hydrocarbon a d s o r p t i o n  param aters  was the  same on 
both c a t a l y s t s .
Under th e  s i m p l i f y i n g  assumptions d iscussed  e a r l i e r ,  a p l o t  o f  
k" vs should g i v e  a s t r a i g h t  l i n e  w i t h  a p o s i t i v e  i n t e r c e p t  f o r
th e  c o r r e c t  v a lu e  o f  n,  where n is the  number o f  s i t e s  in vo lv ed  in the  
s u r f a c e  r e a c t i o n .  F igu re s  23 and 24 show th e  r e s u l t s  o f  such a p l o t  
f o r  an n o f  1 and 2.  The p l o t  o f  both (k  ) and (k ) both haveC5 Cg
p o s i t i v e  i n t e r c e p t s  whereas (k )  ̂ and (k  )  ̂ both had n e g a t i v e  i n t e r -
C 5  C g
c e p t s .  The d a ta  were thus c o n s i s t e n t  w i t h  the  assumption o f  a dual  s i t e  
mechan i sm.
Prev io us  s t u d ie s  ( 4 4 , 5 6 )  had shown t h a t  Pd -H -m o rd en i te  and 
P d - H - f a u j a s i t e  may both be co n s id e red  t o  is o m e r iz e  through a dual s i t e  
mechanism, and t h a t  the  assumption o f  f i r s t  o r d e r  r e v e r s i b l e  k i n e t i c s  
is v a l i d .  Thus t h i s  study d id  not  d u p l i c a t e  th e  exp e r im e n ts  to  v e r i f y  
f i r s t  o r d e r  k i n e t i c s  on the  f a u j a s i t e  c a t a l y s t  but  c o n c e n t r a t e d  on 
examin ing th e  mechanism o f  i s o m e r i z a t i o n  o f  m ix t u r e s  and comparing these  
r e s u l t s  t o  Pd -H -m ord en i t e .
F ig u res  25 through 30 show the  r e s u l t s  o b t a in e d  on m ix tu re s  o f  
n - C 5 and n-Cg a t  4 6 5 ° F ,  6 . 4  w / h r / w ,  p ressures  from 100 to  300 p s ig ,  
and H2 /HC r a t i o s  from 10/1 to 1 8 / 1 .  These runs were c a r r i e d  out  in the  
same manner as those over  th e  m o rd e n i te  c a t a l y s t ,  i . e . ,  a pure n-Cg 
and n -C g run and t h r e e  m i x t u r e  runs were done a t  each te m p e ra tu re  and 
p r e s s u r e .  Severa l  g enera l  t rends  may be noted .
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Figure 23. Test for a dual site mechanism, 
n-C 5 .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
110






0 100 200 300
tot ' psig









0 100 200 300
P t o t '  p s i g
Figure 24. Test for a dual site mechanism, 
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Figure 25. Rate constant versus feed concentration,

















Figure 26. Rate constant versus feed concentration.






















Figure 27. Rate constant versus feed concentration,















Figure 28. Rate constant versus feed concentration.
























Figure 2 9 . Rate constant versus feed concentration,



























Figure 30. Rate constant versus feed concentration.
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Both k and k decreased  on d i l u t i o n .  T h i s  was in c o n t r a s t  to
(-5 ^6
the  m o rd e n i te  c a t a l y s t  on which k increased  on d i l u t i o n  w h i l e  k de -
<-6 Cg
creased .  On t h e  P d - H - f a u j a s i t e  c a t a l y s t ,  the r e s u l t s  thus i n d i c a t e d  a
c o m p e t i t i v e  i n t e r a c t i o n  between C5 and Cg on the c a t a l y s t s  s u r f a c e .
I t  may be s a id  t h a t  n-Cg and n-Cg had a p p r o x i m a t e l y  the  same a d s o r p t io n
a f f i n i t y  on t h e  f a u j a s i t e  c a t a l y s t .  O t h e rw is e ,  th e  r a t e  c o n s ta n t  o f
the p r e f e r e n t i a l l y  adsorbed hydrocarbon would in c r e a s e  on d i l u t i o n .
The pore d ia m e t e r  o f  th e  f a u j a s i t e  was 8%, comparable to  t h a t  o f  the
m o rd e n i te .  Thus,  d i f f e r e n c e s  in a d s o r p t io n  between th e  m o rd e n i te  and
f a u j a s i t e  must be due to  a n o th e r  cause ,  perhaps d i f f e r e n c e s  in the
types o f  a c t i v e  c e n te r s  in v o lv e d  in s u r f a c e  r e a c t i o n .
The r e s u l t s  a ls o  show t h a t  th e  va lu es  o f  both k and k decrease
C5 eg
w i t h  in c r e a s i n g  t o t a l  p r e s s u r e .  T h is  same r e s u l t  was observed on the  
m o rd e n i te .  T h is  was expected  from the Langmuir form o f  r a t e  c o n s t a n t :
kj  = k j = C 5 ,cg
s in c e ,  as the  P. ' s a re  i n c r e a s e d ,  the denominator  g e ts  l a r g e r  and k̂  
gets  smal i e r .
As w i t h  the m o rd e n i te  c a t a l y s t ,  the a b s o lu t e  va lu es  o f  k were
*-6
g r e a t e r  than f o r  k . T h is  may be due to  a l a r g e r  t r u e  s u r f a c e  r e a c t i o n  
r a t e  co n s ta n t  f o r  n-Cg than n -Cg.  i . e . ,  (ko) > (kg) . From e q u a t io n  (18)
C g  C 5
the v a lu e  o f  ko may be o b t a i n e d  from th e  i n t e r c e p t s  o f  F ig u re s  23 and 24 
From these  F i g u r e s ,  i t  can be seen t h a t  (kg)^^=  1.0 whereas (k^ )^^  = 4 . 9 .
Thus, the  d a ta  i n d i c a t e d  t h a t  indeed th e  in h e r e n t  s u r f a c e  r e a c t i o n  r a t e  
c o n s tan t  f o r  n -C g was g r e a t e r  than t h a t  f o r  n-Cg.  The same r e s u l t  was
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o b t a in e d  on the  m o rd e n i te  c a t a l y s t .
F i n a l l y ,  i t  can be seen t h a t  the a b s o l u t e  v a lu e  o f  both k and 
k decreased w i t h  i n c r e a s i n g  H2/HC r a t i o ,  R. Th is  was c o n s i s t e n t  w i t h  
e q u a t io n  (18)  developed  e a r l i e r  showing the  f u n c t i o n a l  dependence o f  
the r a t e  c o n s ta n t  on R a t  a given
-h  r
■  ̂ "  I t c
1 + R
As R in crease s  a t  c o n s t a n t  ^ , k must decrease  unless I t
t o t  M2 ML
has been shown t h a t  Ku- >> K_ and thus k must decrease w i t h  i n c r e a s i n g  R,
ML H 2
in summary, i t  can be s a i d  t h a t  th e  da ta  on the Pd-H f a u j a s i t e  
a r e  c o n s i s t e n t  w i t h  th e  f o l l o w i n g :
1. F i r s t  o r d e r  r e v e r s i b l e  k i n e t i c s  ( 4 4 , 5 6 ) .
2.  Dual s i t e  mechanism f o r  both n-Cg and n-Cg h y d r o i s o m e r i z a t i o n .  
Figures  2 3 , 2 4 .
3 . (kg l  > (ko)  , F igures  2 3 , 2 4 .
(-6 U5
4.  K = K , F igu re s  2 5 - 3 0 .
5 . F ig u re s  2 1 , 2 2 .
These r e s u l t s  were i d e n t i c a l  to  those o b t a in e d  on the m orden it e  
c a t a l y s t  w i t h  the e x c e p t io n  o f  the r e l a t i v e  magnitudes o f  the  n-Cg and 
n-Pc a d s o r p t io n  c o n s t a n t s .  On the m o r d e n i t e ,  K >> K w h i l e  K = K
G Cg C 5  c g  C 5
on the f a u j a s i t e .
The in f o r m a t i o n  o b t a in e d  from the  s t a t i s t i c a l  a n a l y s i s  o f  the  
e x p e r im e n ta l  r e s u l t s  may be used to  f o r m u l a t e  and judge th e  r a t e  
co n s ta n t  and p a r t i a l  p re s s u r e  r e l a t i o n s h i p s .  The s t a t i s t i c a l  a n a l y s i s  
was c a r r i e d  out  in the same manner as d e s c r ib e d  e a r l i e r  f o r  the m o rd en i te
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c a t a l y s t .  V ar io u s  models,  shown in T a b l e  3,  were p o s t u l a t e d  as f u n c t i o n a l  
forms f o r  k ( P . )  based on assumptions about the number o f  s i t e s  in vo lv ed  
in the mechanism, the r e l a t i v e  va lu es  o f  the  a d s o r p t io n  p a ra m e te rs ,  and 
the  r a t e  c o n t r o l l i n g  s t e p .  Both i n d i v i d u a l  and coupled models were used.
T a b le s  9-11 show the r e s u l t s  f o r  th e  P d - H - f a u j a s i t e  c a t a l y s t .
On each i n d i v i d u a l  model ,  t w e n t y - f o u r  da ta  p o i n t s  were used and the  
coup led models thus used f o r t y - e i g h t  p o i n t s .
On the i n d i v i d u a l  n-Cg models.  T a b le  9 ,  e x a m in a t io n  o f  the RMS 
and RRMS showed t h a t  Models 2 ,  4 ,  5 ,  and 6 r e s u l t e d  in s u b s t a n t i a l l y  
b e t t e r  r e p r e s e n t a t i o n s  o f  the data than the  remain in g  models. Of these  
fo u r  models,  o n ly  Model 4 d id  not  i n c l u d e  z e r o  in the 95% co n f id ence  
l i m i t s  o f  any o f  the c o e f f i c i e n t s .  In a d d i t i o n ,  even though Model 2 had 
f o u r  parameters and Model 6 had f i v e ,  n e i t h e r  r e s u l t e d  in a s i g n i f i c a n t l y  
b e t t e r  f i t  than Model 4 which has o n ly  t h r e e  p a ra m e te rs .  Model 6 may 
be r u le d  o u t  by v i r t u e  o f  the low t - v a l u e s  f o r  f o u r  o f  th e  f i v e  co ­
e f f i c i e n t s .  Low t - v a l u e s  r e s u l t  from p a ra m e te r  va lu es  which approach  
z e r o ,  s in c e  the t - v a l u e  is equal  to the p a ram ete r  v a lu e  d i v i d e d  by a.
For Model 5 ,  w h i l e  th e  t - v a l u e s  were n o n - z e r o ,  z e r o  is  w i t h i n  the co n­
f i d e n c e  l i m i t s .  There  was a l s o  a .98  c o r r e l a t i o n  between B̂  and Bg. On 
t h i s  b a s i s .  Model 5 was r e j e c t e d .  For Model 2 , z e ro  was w i t h i n  3 o f  4 
p aram eter  co n f id en c e  l i m i t s .  A ls o ,  t h e r e  were low t - v a l u e s  f o r  B  ̂ and B2 - 
Thus Model 2 was r e j e c t e d  in fa v o r  o f  Model 4 .
W h i le  Model 4 may be judged to be the b e s t  o f  the tw e lve  models 
in  d e s c r i b i n g  the r e l a t i o n s h i p  between the s i m p l i f i e d  pentane ra t e  
c o n s t a n t  and the p a r t i a l  pressures  o f  the  r e a c t a n t s ,  i t  was noted t h a t  
B% and B3 were c o r r e l a t e d  a t  the  .948  l e v e l .  However,  the  B3-B 2 and
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M ODEL  C O E F F I C I E N T  
N U M B E R  V A L U E S
C O R R E L A T I O N
M A T R I X
Bit = 2 . 1 6 x 1 0 - 1 2 -  459 .862  .288  1.00
Bi  = . 254  
Bz = 1 9 . 8
1 . 0 0
















Bi  = . 0971  
Bz = 1 9 . 4
1 .0 0  
.606 1.00
Bi  = 3 . 9 3 x 10 - 1 ^ 1 . 0 0
B z  = 1 2 . 0 .806 1.00
Bi = 2 . 3 7 x 1 0 - 1 ^ 1 . 0 0





9 5 % 
C O N F I D E N C E  
L I M I T S
- . 6 1 .61
t -
V A L U E
0 . 0  . 2 9 0
RMS RRMS RSS
15 . 3 6  5 . 3  . 0 4 8 3
17 22.  17 . 6  1.12
. 0 0 0 3 4 7  . 0186 '  . 0 07 64
. 0 6 3 . 1 3 5 . 8  . 0167
1 7 .  -> 2 1 .  1 7 . 0  1 . 1 4
. 0 0 0 3 7 8  . 0 1 9 4  . 0 0 8 3 0
,041  . 041  0 . 0  . 0 1 9 6
7 . 7  ^ 16 .  5 . 8  2 . 0 8
: 0 0 1 5 8  . 0 3 9 7  . 0 3 4 7
. 0 48  ^  . 0 4 8  0 . 0  . 0 2 3 0
1 . 1  -> 13 .  2 . 5  2 . 7 6









































COEFFICIENT CORRELATION CONFIDENCE t -
VALUES MATRIX LIMITS VALUE 0 RMS RRMS RSS
Bj = . 0 6 6 6 1 . 0 0 - . 1 6 ->■ . 3 0 . 6 .111
Bg = . 0 3 8 0 . 9 9 9 1 . 0 0 - . 0 9 6 . 1 7 . 6 . 0 6 4 0
. 0 0 1 7 2  . 0 4 1 5 . 0 3 4 4
B3 = 5 . 4 6 - . 9 9 7 - . 9 9 6  1 . 0 0 -  7 . 6 -> 1 9 . . 9 6 . 2 6
B4 = 2 . 0 0 . 9 4 4 . 951  - . 9 2 1  1 . 00 - . 1 7 4 . 2 1 . 9 1 . 0 4
Bi = 2 . 0 2 1 . 0 0 - 2 . 6 6 . 7 . 9 2 . 2 3
Bg = . 8 75 . 9 9 7 1 . 0 0 - 1 . 2 - > 2 . 9 . 9 . 9 9 2
. 0 0 0 5 0 5  . 0 2 2 5 . 0101
B3 = . 0 7 9 2 . 9 8 8 . 9 7 8  1 . 0 0 - . 1 2 4 - . 2 8 . 8 . 0 9 4 7
B4 = 1 3 3 . . 9 9 8 . 9 9 3  . 9 9 6  1 . 0 0 - 4 7 0 . 4- 7 3 6 . . 5 2 8 9 .
Bi  = . 7 5 2 1 . 0 0 - . 0 4 3 4 - 1 . 5 5 2 . 0 . 3 8 2
Bg = . 4 4 0 . 9 8 8 1 . 0 0 - . 0 6 7 -> . 9 5 1 . 8 . 2 4 4 . 0 0 1 8 7  . 0 4 3 2 . 0 3 9 3
B3 = 9 . 4 9 . 9 9 2 . 9 9 8  1 . 0 0 - 7 . 5 -> 2 7 . 1 . 2 8 . 1 8
Bi = .181 1 . 00 . 1 4 -> . 2 2 9 . 7 . 0 1 8 6
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-  02 c o r r e l a t i o n s  were o n l y  . 736  and . 8 3 1 , r e s p e c t i v e l y ,  i n d i c a t i n g  
r e l a t i v e  independence among these p a r a m e t e r s .  A lso  note t h a t  z e r o  is  
not in c lu d ed  in the 9 5 % co n f id e n ce  l i m i t s  o f  any o f  the c o e f f i c i e n t s  o f  
Model 4 . In a d d i t i o n ,  the  t - v a l u e s  o f  the  c o e f f i c i e n t s  were ^ 2 . 2 ,  
i n d i c a t i n g  a _> .961 p r o b a b i l i t y  o f  r e j e c t i n g  the n u l l  h yp o th es is  
i . e . ,  the  h y p o th e s is  t h a t  th e  c o e f f i c i e n t s  a r e  d i f f e r e n t  f rom z e r o .
Model 4 was thus co n s id e red  to be t h e  b es t  r e p r e s e n t a t i o n  o f  the  
data f o r  k
C5
For the i n d i v i d u a l  k models,  shown in T a b le  10, I t  can be
^ 6
seen t h a t  Models 4 ,  6 , 11,  and 12 have RMS and RRMS va lu es  which were  
s i g n i f i c a n t l y  lower  than those f o r  the re m a in ing  models. in d i s c r i m i n a ­
t i n g  among these  f o u r  models,  i t  was noted  t h a t  the  t - v a l u e s  f o r  Model 6 
were £  1 .7  w i th  the  e x c e p t io n  o f  B^, t h a t  z e r o  was in the  95% c o n f id e n c e  
l i m i t s  o f  each c o e f f i c i e n t ,  and t h a t  a l l  f i v e  parameters  were h i g h l y  
c o r r e l a t e d .  Model 6 was thus r e j e c t e d .
Models 11 and 12 both have RMS and RRMS v a lues  which were 19 and 
23% r e s p e c t i v e l y ,  h i g h e r  than f o r  Model 4 ,  i n d i c a t i n g  a po o re r  f i t  o f  
the d a t a .
In a d d i t i o n ,  the  t - v a l u e s  f o r  0 % , c o r re s p o n d in g  to the C5 a d s o rp ­
t i o n  parameter  f o r  Models 4 , 1 1 ,  and 12 were h i g h e r  f o r  Model 4 ( 9 . 7 )  
than f o r  Models 11 ( 3 . 4 )  or  12 ( 4 . 0 ) .  I t  should be noted ,  however,  
t h a t  the t - v a l u e s  f o r  the n u m era to r ,  p r o p o r t i o n a l  to ( k ^ ) ^  , were 
h i g h e r  in Models 11 ( 1 3 . 0 )  and 12 ( 1 3 * 6 )  than f o r  Model 4 ( 8 . 8 ) .
On the b as is  o f  the  lower e r r o r  v a lu es  f o r  Model 4 ,  a l though  the remain ing  
bases o f  comparison a r e  e q u i v a l e n t  on b a l a n c e .  Model 4 was judged to  be
the  r e p r e s e n t a t i o n  o f  the k r a t e  c o n s t a n t .
C6
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The coupled model r e s u l t s  a re  shown in T a b l e  11. On the bas is  o f
RMS and RRMS, models 2 ,  4 ,  5 ,  6 , and 8 were s u p e r i o r  to  the  remain ing
models.  F u r t h e r  d i s c r i m i n a t i o n  can be made by examin ing  the t - v a l u e s
o f  these models .  Models 2 ,  5> and 6 each had both low t - v a l u e s  f o r
th e  parameters  and a very  high degree o f  c o r r e l a t i o n  among a l l  the
p a ra m ete rs .  These models a re  thus r e j e c t e d .  Model 8 shows t h a t  6 3 ,
co rresp o n d in g  to  the n-Cg a d s o r p t io n  p a r a m e te r ,  a p p r o a c h e d  z e r o ,  and
thus :had a ■ low t - v a l u e .  Since  e a r l i e r  q u a l i t a t i v e  r e s u l t s  i n d i c a t e  the
approx im ate  e q u i v a le n c e  o f  K and K , Model 8 was r e j e c t e d  as un-
C5 C6
r e a l i s t i c .
Thus,  Model 4 was the most a c c u r a t e  r e p r e s e n t a t i o n  o f  the coupled  
d a t a ,  as i t  is f o r  th e  i n d i v i d u a l  models.  The 95% c o n f id e n c e  l i m i t s  f o r  
t h i s  model d id  not  in c l u d e  zero  f o r  any o f  the  f o u r  c o e f f i c i e n t s .
Although Bg and B̂ , were c o r r e l a t e d  a t  the .981 l e v e l ,  th e  remain ing  
c o r r e l a t i o n s  were s a t i s f a c t o r y .  The t - v a l u e s  f o r  the parameters  were a l l  
_> 3 * 2 , i n d i c a t i n g  a ^  .997 p r o b a b i l i t y  o f  r e j e c t i n g  the n u l l  h y p o t h e s is .  
Thus,  not  o n ly  was Model 4 the bes t  o f  the models ,  i t  was a l s o  an 
a c c e p t a b l e  f i t  o f  th e  d a t a .
Comparison o f  the  i n d i v i d u a l  and coupled  models showed the
f o l l o w i n g  f o r  Model 4:
From k Data From k Data From Coupled Data  
_______ Cs _______ ___________________________________
.0273 .181 .155
B2 .143 .0732 .0744
B3 2 8 . 7 132 . 4 8 . 3
B4 127.
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B[+ f o r  the  coupled model corresponds to  B3 f o r  the data
w h i l e  B3 f o r  the coupled model corresponds to 83 f o r  the d a t a .
Note t h a t  the va lu e s  o f  B  ̂ and 82 from the coupled model l i e  between  
those o f  the  k and k d a ta  as e x p e c te d .  However,  these va lu es  were
C 5  C g
much c l o s e r  to  the k model va lu es  than to  t h e  k v a l u e s .  S in ce  the
•=6 C5
r e l a t i v e  va lu es  o f  and 82 , co r resp o nd in g  to  and r e s p e c t i v e l y ,
were reversed  in th e  two i n d i v i d u a l  models,  the  f a c t  t h a t  the  coupled  
data  showed t h a t  B i> 8 2 , as do th e  k_ d a t a ,  i n d i c a t e d  t h a t  th e  data  
were  bes t  re p rese n ted  by B]̂  >82 • The d i f f e r e n c e  in 8 % and 8 2 , namely  
Bl = 2.1 8 2 , was n o t  as g r e a t  as on the  m o rd e n i te  c a t a l y s t .  T h e re ,
81 ^  82 and Bg could  be d e l e t e d  from the model .
I t  may thus be concluded t h a t  the  f a u j a s i t e  da ta  may be model led  
by assuming a dual s i t e  mechanism, << K „ _ , K o f  the  same o r d e r  as
n 2 ML Cg
K , and s u r fa c e  r e a c t i o n  r a t e  c o n t r o l l i n g .  F u r t h e r ,  the data  i n d i c a t e  
^6
t h a t  B j ,  c o r respond in g  to  , was a p p r o x i m a t e l y  t w ic e  the  va lu e  o f  8 2 , 
correspond ing  to K
^6
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Comparison o f  the  M o r d e n i te  and F a u j a s i t e  C a t a l y s t s
Having model led  the  r e s u l t s  on both the  m o rd e n i te  and f a u j a s i t e  
c a t a l y s t s ,  a comparison was made o f  the  r e a c t i o n  and a d s o r p t i o n  
phenomena as i n d i c a t e d  by both the models and the  a d d i t i o n a l  a n a l y s i s  
d iscussed e a r l  1er .
F i r s t ,  the r e s u l t s  showed t h a t  a t  4 6 5 ° F ,  6 . 4  w / h r / w  and a t  
p ressures  o f  100,  2 00 ,  and 300 p s ig ,  P d -H -m o rd en i t e  'as a more a c t i v e  
c a t a l y s t  f o r  h y d r o i s o m e r i z a t i o n  o f  n-Cg,  n -Cg,  and m ix t u r e s  o f  the  
two. T a b le  12 shows a comparison o f  the r e s u l t s  on each c a t a l y s t .
For the pure component runs on both n-Cg and n -Cg,  t h e r e  were no 
d i s t i n c t  t ren d s  o f  th e  m o rd en i te  and f a u j a s i t e  r a t e  c o n s ta n ts  w i t h  
p ressu re  o r  H2 /HC r a t i o .  However,  f o r  3 out  o f  5 n-Cg runs and 3 o f  
5 n-Cg ru ns ,  th e  m o r d e n i te  c a t a l y s t  was more a c t i v e .
For the  m i x t u r e  ru ns .  T a b le  12 showed t h a t  th e  m o rd e n i te  c a t a l y s t  
was more a c t i v e  over  t h e  e n t i r e  range o f  c o n d i t i o n s  o f  t o t a l  p ress u re  
and H2/HC used in t h i s  s tu dy .  However,  i t  can be seen t h a t  t h e r e  was no 
genera l  t re n d  o f  the r a t e  c o n s tan ts  on the m o r d e n i t e  versus  the  f a u j a s i t e  
w i t h  t o t a l  p ress u re  o r  H2 /HC r a t i o .  I t  may thus be concluded t h a t  the  
Pd -H -m o rd en i te  c a t a l y s t  used in t h i s  study was more a c t i v e  f o r  h y d r o i s m e r i -  
z a t i o n  o f  n-Cg,  n-Cg,  and m ix t u re s  o f  the  two than was the P d - H - f a u j a s i t e .
Comparison o f  the s t a t i s t i c a l  models which d e s c r i b e  the r e a c t i o n s  
on each c a t a l y s t  showed t h a t  the m o rd en i te  e x h i b i t s  p r e f e r e n t i a l  ad s o rp ­
t i o n  o f  n-Cg such t h a t  the a d s o r p t io n  p aram eter  o f  n-Cg can be n e g le c t e d .  
On the f a u j a s i t e  c a t a l y s t ,  both n-Cg and n-Cg a d s o r p t io n  parameters  must 
be inc luded in the model .  The models f o r  the h y d r o i s o m e r i z a t i o n  r e a c t i o n s  
on each c a t a l y s t  a r e  shown below f o r  co n ven ien ce .
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TABLE 12
Comparison o f  the R e s u l ts  o f  P d -H -M orde n i te  
and Pd-H F a u j a s i t e  H y d r o i s o m e r i z a t io n  a t  465 F
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Morden i t e  Faujas  i te
T o t a l  P re s s u re , C s / C g  Volume k k k k
psig Rat i o H , / H C
100 Pure Cg 10/1 .241 .187
200 Pure C5 10/1 .061 - .091 -
192 Pure C5 17. 8/1 .073 - .079 -
300 Pure C5 10/1 .071 - .046 -
291 Pure C5 14 .7 /1 .058 . 053
100 Pure Cg 10/1 .337 .431
200 Pure Cg 10/1 - .143 - .125
192 Pure Cg 17 . 8/1 - .127 - .246
300 Pure Cg 10/1 - .100 - .047
291 Pure Cg 14 .7 /1 .133 .083
100 15 / 85 10/1 . 101 .374 .042 .293
5 0 / 5 0 10/1 .137 .519 .095 .208
75 / 2 5 10/1 .143 .507 .081 .183
200 15 /85 10/1 .046 .171 .020 .078
5 0 / 5 0 10/1 .048 .179 .021 .043
7 5 / 2 5 10/1 - - .024 .038
192 15 / 85 17 . 8/1 .045 .125 .042 .156
5 0 / 50 17 . 8/1 .050 .152 .045 .118
7 5 / 2 5 17. 8/1 .058 .144 .055 .080
300 15/85 10/1 .029 .115 .026 .029
5 0 / 5 0 10/1 .032 .125 .024 .017
7 5 /2 5 10/1 .038 . 162 .030 .018
292 15 / 85 14 .8 /1 .030 .150 .025 .053
5 0 / 50 14 .8 /1 .033 .165 .027 .031
7 5 / 2 5 14 .8 /1 .043 .205 .024 .032
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Model Number Morden i t e Model Number
i n d i v i d u a l  Models
10 k = 19 .5 4 k =
( 1 + .0 4 2 7  P
^ 5
C 5
10 k = 53.1 4 k =




10 k.  = 17.1 4 "̂ Cc =
( I + . 0 2 0 5  P
(-6
Fau jas i t e
2 8 .7
( 1 + .0 2 7 3  P + .1 4 3  P
C5 C6
132.
( l + . l S l  P + .0 7 3 2  P )2  
C5 C6
4 8 .3
( 1 + . 1 5 5  P + .0 7 4 4  P )2C5 C0
10 k = 5 4 .8
C6
(1 + .0 2 0 5  P
^6
4 k  = 1 2 7 .
C6
( I + . I 55 P + .0 7 4 4  P )2
C 5  C g
On the m o rd en i te  c a t a l y s t ,  both q u a l i t a t i v e  c o n s i d e r a t i o n s  and the  
s t a t i s t i c a l  a n a l y s i s ,  as shown and d iscussed e a r l i e r ,  i n d ic a t e d  t h a t  
K >> K . On the  f a u j a s i t e ,  both K and K must be included  in the
C e  Cg Cg Ce
model .  T h is  may account f o r  the  anomalous e f f e c t s  observed on both
c a t a l y s t s .  On the m o r d e n i t e ,  the  in c r e a s e  in k on d i l u t i o n  o f  n-Ce
Ce
w i t h  n-Cg may be e x p l a in e d  by the  p r e f e r e n t i a l  a d s o r p t io n  o f  n-Cg,  i . e . ,  
the predominance o f  n-Cg in competing f o r  a c t i v e  s i t e s .  T h is  h yp o th es is  
was s t re ng th e ne d  by the s t a t i s t i c a l  a n a l y s i s  which showed t h a t  the model 
corresponding  to the predominance o f  n-Cg a d s o r p t io n  was the  most accu­
r a t e .  I n t e r e s t i n g l y ,  the  f a u j a s i t e  da ta  r e q u i r e d  t h a t  both a d s o r p t io n  
param eters  be in c lu d e d ,w h ic h  i n d i c a t e d  both n-Cg and n-Cg a d s o r p t i o n  were
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im p o r ta n t  w i t h  n e i t h e r  sp ec ies  p re d o m in a t in g .  T h is  c o m p e t i t io n  f o r  
a c t i v e  s i t e s  may cause the  observed decrease  in the  r a t e  c o n s ta n t  f o r  
both ad so rb in g  s pec ie s  on d i l u t i o n .  i t  has been shown t h a t  t h i s  ob­
served decreas e  o c c u r re d  a t  each pre ssu re  and H2/HC r a t i o  examined  
in t h i s  s tu d y .
On both c a t a l y s t s ,  th e  i n d i v i d u a l  r e s u l t s  i n d i c a t e  t h a t  the  
nu m era to r ,  which was p r o p o r t i o n a l  to the s u r f a c e  r e a c t i o n  r a t e  c o n s t a n t ,  
was g r e a t e r  f o r  n-Ce than f o r  n-Cg i s o m e r i z a t i o n .  Comparison o f  the  
coupled models i n d i c a t e d  t h a t  w h i l e  the  t r u e  s u r f a c e  r e a c t i o n  r a t e  
c o n s ta n ts  f o r  both n-Cg and n-Cg,  p r o p o r t i o n a l  to  the  numerators o f  the  
m odels , were g r e a t e r  on the  f a u j a s i t e  than the  m o r d e n i t e ,  th e  l a r g e r  
a d s o r p t io n  term s,  i . e .  th e  denom in ato rs ,  caused th e  s i m p l i f i e d  r a t e  
c o n s ta n ts  on the  f a u j a s i t e  to  be lower a t  a g iven  se t  o f  c o n d i t i o n s .
Thus,  th e  d i f f e r e n c e s  in the  per formance o f  th e  two c a t a l y s t s  
may be e x p la i n e d  by q u a l i t a t i v e  c o n s i d e r a t i o n s  and s t a t i s t i c a l l y  d e t e r ­
mined models.  The r e s u l t s  o f  these  two methods o f  a n a l y s i s  were  
c o n s i s t e n t  and complementary.
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Conclus ions
Based on th e  r e s u l t s  o f  th e  a n a l y s i s  d iscussed  in t h i s  s tu d y ,  
th e  f o l l o w i n g  co n c lu s io n s  may be made.
1. The d a ta  o b ta in e d  in th e  h y d r o i s o m e r i z a t i o n  o f  n-Cg and 
n-Cg m ix t u r e s  and pure components on both th e  Pd-H -morden it e  
and P d - H - f a u j a s i t e  used in t h i s  s tudy  a r e  c o n s i s t e n t  w i t h  a 
model d e r i v e d  assuming a dual s i t e  mechanism, w i t h  
i s o m e r i z a t i o n  r a t e - c o n t r o l l i n g ,  and hydrocarbon a d s o r p t io n  
parameters  much g r e a t e r  than hydrogen a d s o r p t io n  p a ram eters .
2 .  F u r t h e r ,  t h e  r e s u l t s  i n d i c a t e  t h a t  on th e  m o r d e n i t e , t h e  hexane  
a d s o r p t io n  parameter  is much g r e a t e r  than t h a t  o f  pentane ,  
w h i l e  on t h e  f a u j a s i t e  the  hexane a d s o r p t i o n  paramete r  is
o f  th e  same o r d e r  as t h a t  o f  pentane .
3.  The P d-H -m orden it e  c a t a l y s t  is more a c t i v e  f o r  h y d r o is o m e r i ­
z a t i o n  o f  n-Cg and n-Cg m ix tu r e s  than th e  P d - H - f a u j a s i te  
c a t a l y s t  o ver  the e n t i r e  range o f  p ressu res  and H2 /HC r a t i o s  
used in t h i s  study.
4.  Both c a t a l y s t s  e x h i b i t  anomalous e f f e c t s  in h y d r o i s o m e r i ­
z a t i o n  o f  n-Cg and n-Cg m i x t u r e s .  On the  m o rd en i te  c a t a l y s t ,  
the s i m p l i f i e d  hexane i s o m e r i z a t i o n  r a t e  co n s ta n t  increases  
w h i l e  t h a t  o f  pentane decreases on d i l u t i o n .  On the f a u j a s i t e ,  
both r a t e  con stan ts  decrease .  On the  m o r d e n i t e ,  the anomaly
is a t t r i b u t e d  to  the  p r e f e r e n t i a l  a d s o r p t io n  o f  n-Cg.
On th e  f a u j a s i t e ,  c o m p e t i t io n  between th e  adsorbents  appears  
t o  r e s u l t  in a decrease in both t h e  hexane and pentane  
r a t e  c o n s ta n ts  on d i l u t i o n .
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Recommendat i ons
The f o l l o w i n g  recommendat ions f o r  f u r t h e r  work may be made based 
on th e  r e s u l t s  o f  t h i s  s tudy .
1. I n v e s t i g a t e  th e  a d s o r p t io n  o f  the  n-Cg and n-Cg on both  
Pd-H -m orden i t e  and P d - H - f a u j a s i t e  on z e o l i t e s  w i t h  v a r y i n g  
pore geometry t o  r e l a t e  a d s o r p t io n  more g e n e r a l l y  t o  s t r u c t u r e .  
Since  a d s o r p t io n  appears to  a f f e c t  th e  r a t e  c o n s tan ts  on both  
c a t a l y s t s  used in t h i s  study a more d e t a i l e d  e x a m in a t io n  o f  
th e  e f f e c t s  o f  s t r u c t u r a l  param eters and r e a c t i o n  c o n d i t i o n s
on th e  a d s o r p t io n  mechanism would be i l l u s t r a t i v e .  P a r t  
o f  such a study  could  be the r e l a t i o n s h i p  between the  e q u i l i ­
brium a d s o r p t io n  c o n s tan ts  and v a lu e s  o b ta in e d  in a k i n e t i c  
study .
2.  Study th e  e f f e c t  o f  a ro m at ics  on h y d r o i s o m e r i z a t i o n  o f  n -  
p a r a f f i n s  on m o r d e n i te  and f a u j a s i t e  c a t a l y s t s .  Since  t y p i c a l  
f e e d s to c k s  f o r  i s o m e r i z a t i o n  in a r e f i n e r y  would c o n t a in  
a r o m a t i c s ,  th e  e f f e c t  o f  v a r io u s  c o n c e n t r a t i o n s  o f  a r o m at ic s  
on a d s o r p t i o n  and r e a c t i o n  a t  low m o le c u la r  w e ig h t  n - p a r a f f i n s  
is a p p r o p r i a t e .
3. F u r t h e r  examine th e  e f f e c t  o f  s t r u c t u r a l  parameters such as pore  
geometry and c o n f i g u r a t i o n ,  p a ra m e te rs ,  and s u r f a c e  a c t i v i t y  
e s p e c i a l l y  as r e l a t e d  to  the a c i d i t y  o f  the z e o l i t e  on th e  
r e a c t i o n  o f  n-Cg and n-Cg.  The n e g a t i v e  i n t e r a c t i o n  seen
in t h i s  study  may be r e l a t e d  to  e f f e c t s  o f  c a t a l y s t  p r e p a r a t i o n  
on th e  s t r e n g t h  and d i s t r i b u t i o n  o f  a c t i v e  s i t e s ,  both m e t a l l i c  
and a c i d i c .
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h . Examine the r e a c t i o n s  o f  n-Cg and n-Cg using isomers o f  th ese  
p a r a f f i n s  as fe e d s .  Since  th e  d a ta  were c o n s i s t e n t  w i t h  
i s o m e r i z a t i o n  be ing r a t e  c o n t r o l l i n g  on both the  m o rden it e  
and f a u j a s i t e ,  i n t e r a c t i o n  between isomers o f  the  two feeds  
may be im p o r tan t  in e x p l a i n i n g  t h e  observed synergism . Such 
i n t e r a c t i o n  as w e l l  as a more d e t a i l e d  mechanism o f  r e a c t i o n ,  
may be d esc r ib ed  more f u l l y  by such a study ,  w i t h  co nvers io n s  
o f  each isomer h e ld  to  d i f f e r e n t i a l  l e v e l s  in o r d e r  to  
understand the mechanism o f  i s o m e r i z a t i o n .
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APPENDIX 1 
SAMPLE CALCULATIONS
A. Exper imenta l  C o n d i t io n s
Run Number M I -3 7
C a t a l y s t  volume, cc 4 . 2 6
C a t a l y s t  w e ig h t ,  gm 2 .0 0 1 2
B aro m etr ic  p r e s s u r e ,  in .  Hg 3 0 .0 8
Room t e m p e ra t u r e ,  °F 74
Reactor  t e m p e r a t u r e ,  °F 465
Reactor  p re s s u r e ,  psig  97
Hg f lo w  r a t e  data
Average WTM r e a d in g ,  s e c / o . 0 5  f t ^ 8 7 . 4
Average WTM t e m p e r a t u r e ,  °F 7 4 . 3
Normal Pentane f lo w  r a t e ,  c c / h r 2 0 .0
Normal Hexane f lo w  r a t e ,  c c / h r 2 0 .0
Average gas f lo w  r a t e ,  s e c / 0 . 0 5  f t - 8 2 .4
Average WTM t e m p e r a t u r e ,  °F 7 4 .4
A n a l y t i c a l  Data (Gas Chromatograph)
Component Hydrogen Free Mole % ( from Gas i
1sopentane 2 .0 9
Normal Pentane 36 .69
2 , 2  Dimethyl  Butane 0 . 0
2 Methyl Pentane 10.23
3 Methyl  Pentane 2 .7 9
Normal Hexane 4 5 .7 0
145
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C. C a l c u l a t e d  Process C o n d i t io n s
1. Hydrocarbon feed  r a t e s
Normal Pentane = ( ^ 0 . 0  c c / h r ) ( 0 . 6 2 6 2  gm/cc) ^ q . 1736 g - m o l e / h r
1 / 2 . 1 5  gm/g-molej  =
Normal Hexane = am/cc _ Q g - m o l e / h r
( o 4 . 16 gm/g-mole;
2 .  C o r rec ted  b a r o m e t r i c  p ress ure
Tem pera ture  o f  barom eter :  ( 7 4 - 3 2 . 0 )  / I . 8 = 23 .3 °C
C o rrec ted  p re s s u r e  = 3 0 .0 8  [ 1 -  ]VoVobb 1 St ! '! }  ! 3 )  ̂ "  "9
3. Hydrogen f lo w  r a t e
( 1 4 . 7 2  p s ia )  ( 4 5 3 . 6  g - m o l e / l b  m o l e ) (3600 s e c / h r )  ( 2 9 . 9 7 - . 8 7 5 )  in Hg__________
( 2 9 . 9 2  in H g H l O . 7 3  p s ia  f t V l b  mole °R) ( 2 0 - . 0 5  f t V f t ^ )  ( 8 7 . 4 6  s e c / . 05 f t ^ )
T ; 6 0 + 7 4 . 3 ) ° R  '  9 - m o l e / h r
4. Hydrogen/hydrocarbon mola r  r a t i o
2 . 3 3 5 / ( 0 . 1 7 3 6  + 0 . 1 5 6 9 )  = 14.89
5. Feed w / h r / w  and v / h r / v
/ h r /  = [ ( 2 0 . 0 )  ( . 626 2 ) + ( 2 0 . 0 ) (■6 60 1 ) ] qm/hr = 6 . 5 5  qm/hr/qm c a t  
w / n r / w  (2 .0 0 1 2  gm)
v / h r / v  = ( 2 0 . 0  + 2 0 . 0 ) / 4 . 2 6  = 9 -3 9  c c / h r / c c  ca t
6.  M o la r  gas d e n s i t y  in r e a c t o r
_______________(97 + 14 . 7) p s ia  ( 4 5 3 . 6  g - m o l e . l b  mole) _ , , . - 4
( 1 0 . 7 3  p s ia  f t V l b  mole°R)  (460+465) °R ( 2 8 3 1 2 . 6  c c / f t ^ )  ' • o u ; ix iu
g - m o l e / c c
7 . S u p e r f i c i a l  re s id e n c e  t ime
(1 .8 0 3 8 x 1 0 "^  g - m o l e / c c )  ( 4 . 2 6  cc) (3600  s e c / h r )  _ . , ,  
( 2 . 3 3 5  + T 1736 + .1 5 69 )  g - m o l e / h r
8.  S u p e r f i c i a l  gas v e l o c i t y
4 . 2 6  cc
( 1 . 9 6  cm^) ( I , I I  sec) °  cm/sec
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D. M a t e r i a l  Balance C a l c u l a t i o n s  
Bas is :  1 hour
1. Hydrocarbon atoms in hydrocarbon feed
1 2 ( .1 7 3 6 )  + 14 ( . 1 5 6 9 )  = 4 .2 8 0  gm atoms H
2.  Carbon atoms in hydrocarbon feed  
5 ( . 1 7 3 6 )  + 6 ( . 1 5 6 9 )  = 1 .8 0 9  gm atoms C
3. Gm atoms C per  mole o f  hydrocarbon product



















0 .1 0 4 5
1 .8 345
0.000
0 . 6 1 3 8
0 . 1 6 7 4
2 . 7 4 2 0
5 .4 6 2 2
4. C a l c u l a t e d  g-moles  o f  hydrocarbon product
1.809  gm atom C / 5 . 4 6 2 2  gm atom C/g mole = .3312  g-moles
5 . Gram atoms H per g-mole  o f  hydrocarbon product


















0 . 3 3 4 3




6 . 3 9 8 0  
12.7400
6.  C a l c u l a t e d  H2 in p ro d u ct  streams
2 .3 3 5  [ 4 . 2 8 0 - . 3 3 1 2 ( 1 2 . 0 ) ]  = 2 .4 8 7 8  g-mole  Hg
7 . C a l c u l a t e d  g -moles o f  p ro d uct  gas
2 . 4 8 7 8 + . 3 3 1 2  = 2 . 8 1 9 0  = g-moles
8.  Observed g-moles  o f  p roduct  gas
( 1 4 . 7 ) ( 4 5 3 . 6 ) ( 3 6 0 0 )  
( 2 9 . 9 2 ) ( 10 . 7 3 ) ( 2 0 )
( 2 9 . 9 7 - . 8 7 6 )
 ̂ ■(¥2747(460+74.4 )"   ̂ = 2 .4701  g - m o l e s / h r
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E. R e ac t io n  Rate Constants
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k =
- Y i * V 1 n( 1 -  - j -  )
1. Normal pentane
k = - ( - 8 0 7 )
( . 4 7 5 ) ( 1 . 1 1 )
1n ( l  -  ) = .107  cc /g m /s ec
2.  Normal Hexane
k =
- ( . 840)
( . 4 7 ) ( 1 . 1 1 )
= .4 9 2  cc /gm/sec
F. GO Factors
Component F a c t o r
Isopentane  







1 .352  
1 .3 08  
1 .318  
1 .278
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APPENDIX 2 
L i s t  o f  Computer Program f o r  
C a l c u l a t i o n  o f  n-Cg and M i x t u r e  Runs
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/ /  E X l C E Y F O ! ^  T 3  » p a r ,m . f o r t  = ( n o s o u r c e  » n o m a p  ) » p  a r m  .  l k e d  = l e t
/ / " O R T . S Y S P R I N T  C D  D U M M Y
D I M E N S I O N  X I C 5 < 7 ) , X N C 5 ( 7 ) , X 2  2 D M B ( 7 ) ♦ X 2 M D ( 7 ) » X 3 M P ( 7 )  ,  
X N C 6 ( 7 )
D I M E N S I O N  R U N N 0 ( 2 )
D I M E N S I O N  C A T Y P ( 2 )
D A T A  S I P / *  • /
6 6 6  C O N T I N U E
R E A D ( 5 , 9 5 9 ) R U N N 0  
I C ( R U N N 0 ( 1 ) . E Q . S T 3 ) C A L L  E X I T  
R E A D ( 5 , 9 9 9 ) C A T Y =
9 9 9  F 0 R M A T ( 2 A 4 )
R E A D ( 5 , 9 9 9 ) X C 5 R , X C 6 R  
9 9 8  F O R M A T ( 8 F 1 0 . 0 )
R E A D ( 5 , 1 ) X M
1 F O R M A T ( B F I O . O )
N =  X M
R E A D ( 5 , 2 ) P R E S , C A T W T , D C A T , H F L 0 W I , A V G A S
2 F O R M A T ( 5 F 1 0 . 0 )
C T V O L  = C A T / J T / D C A T
R E A D ( 3 , 3 ) T T E M P , Y C 5 , Y C 6 , C 5 V F R , C 6 V F R
3 F O R M A T ( 5 F 1 0 . 0 )
R E A D ( 5 , 4 ) ] 3 A R , T B A R , T W T M A , T W T M 3
4  F O R M A T ( 4 F 1 0 . 0 )
T W T M A K = 2 7 3 . 1 6 + 5 . * ( T W T M A - 3 2 . ) / 9 .
T A R 3 = 6 4 7 . 2 7 - T W T M A <
A R G  = T A R G * ( 3 . 2 4 3 3  + T A R C - * . 0 0 5 3 7  + ( T A R S * x 3 ) * l . i 7 E - 0 8 ) /
1 (  T W T M A -< *  ( i  .  +  T A R G *  .  :  0 2  1 9  ) ) 
P 2 T M A = 2 1 3 . 1 7 * ( 1 C . * * ( - A R G ) ) * 2 9 . 9 2  
T '.J T :-1 3 K = 2 7 3 .  i  6  > 5  ,  ♦ ( T U T M 5 -  3 2  .  ) /  ? .
T 3 R 3 = 6 4 7 . 2 7 - T W T M 3 <
E R G  = T B R G * ( 3 . 2 4 3 3  + T 3 R G * . 0 0 5 8 7 + ( T E R G » * 3 ) - 1 . 1 7 E - C ' 8 ) /  
1 ( T N T M B K * ( 1 . + T 3 R G * . G 0 2 1 9 ) )
P r JTM 3 = 2 1 8 , 1 7 ^ ( 1  0 . » * ( - 3 R G ) ) » 2 9 . 9 2  
F E A D ( 3 ,  3 ) ( X I  C 3 ( I  ) » I  = 1 » N )
R E A D ( 3 , 3 ) { X M C 5 ( I ) , I = 1 , N )
R E  A D ( 5 , 6 )  I X 2 2 D M B ( I ) , I = 1 , N )
R E A D ( 5 , 6 ) ( X 2 M P ( I ) , 1  = 1 , N  )
R E A D ( 5 ,  6  ) ( X 3 M P ( I  ) ,  I  = 1 ,  N )
R E A D ( 5 , 6 ) ( X N C 6 ( I ) , I = 1 , N )
6  F O R M A T ( S F I O . O )
T P R E S = 3 R E S + 1 4 . 7
G M N C 5 = ( C 5 V F R * . 6 2 6 2 ) / 7 2 . 1 5
G M N C 6 = ( C 6 V F R * , 6 6 j 1 ) / 3 6 . 1 8
T M 0 L E = G M N C 5 + G M N C 6
P E . N T  = G M N C 5 / T i M 0 L E
H E X = G M N C 6 / T M 0 L E
T E M 3 C = ( T S A R - 3 2 . ) / l . S
P 3 A R C = P 3 A R * ( 1 . - ( . C 0 0 1 6 4 * T E M P C ) / ( 1 . + . O G 0 1 8 2 * T E M P C ) )  
r i R A T E  = 3 7 3 2  .  1 * ( P 3 A R C - P W T M A ) / r i F L 3 ' « i I / (  4 6 0  .  + T U T M A )  
r i 2 C R = H R A T E / ( G M N C 5 + G M N C 6 )
P P H 2 = H 2 C R / ( H 2 C R + 1 . ) * T 3 R E S
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P= » C5  =  P E , ' J T / ( r t 2 C R  + l . ) * T P R £ S  
P P C 6 = H E X / ( H 2 C R + 1 . ) * T P R E S  
W H S V = ( C 5 V F R * . o 2 b 2 + C = V F R * . b 6 0 1 ) / C A T W T  
V H 3 V = ( C 5 V - R + C 6 V F R ) / C T V O L
G ] E N = T P R E S * 4 5 3 . 6 / 1 0 . 7 3 / 2 8 3 1 2 . 6 / ( 4 6 0 . + T T E M P )
T n O L D  =  G D E , N * C T V O L * 3 6 0 0  . / ( G M N C 5  + G M N C 6 + H R A T E )
A I C 5 = 0 .
A N C 5 = 0 .
A 2 2 ] M 9 = 0 .
A2 M= >  = 0 .
A 3 M  = = a .
A N C 6 = 0 .
3  0  5  0 1 = 1 , N 
A I C 5 = A I C 5 + X I C 5 ( I )
A M C 5 = A N C 5 + X N C 5 ( I )
A 2 2 3 M 3 = A 2 2 D M B + X 2 2 D M B ( I )
A 2 ' 1  = = A 2 M P  + X 2 M P ( I )
A 3 M P = A 3 ^ P + X 3 M P ( I )
A N C 6 = A N C 6 + X N C 6 ( I )
5 0  C O N T I N U E
A I C 5 = A i : 5 / X N  
A N C 5 = A N C 5 / X M  
A 2 2 D N 3  =  A 2 2 D , M B / X M  
A2 M=>  =  A 2 N P / X M  
A 3 M = = A 3 M P / X M  
A N C 6 = A N C 6 / X M
H A T 0 N = 1 2 . * G M N C 5 + 1 4 . * G N N C 6  
C A T 3 N  =  5  . * 3 M ; ' J C 5  + b .  « G N N C b
T C A T 0 y = ( 5 . * A I C 5 + 5 . * A N : 5 + 6 . * A 2 2 3 N 2 + 6 . * A 2 P P + b . ' : 3 y P +
 ̂3 J /  ̂ w*
T r 4 T 0 Y = ( 1 2 . . ; : : = + 1 2 . ' : N C 5 * l 4 . , : 2 2 : N = + i » . . : 2 M 2 + i a . ,  
A 3 M P  + 1 4 . - A N C 6  )
1 / 1 0 0 .
G M H C P = C A T O N / T C A T O M
G M 4 2 P  =  - 1 R A T E  + 0 . 5 * ( H A T O M - G N H C P * T H m T O M )
CG: - ’ p G = 3 M H 2 P  +  G M H C P
A G N 3 G = 3 7 3 2 . 1 * ( P B A R C - P U T M 3 ) / A V 3 A S / ( 4 6 0 . + T U T N 5 )
X M A T 3 = A G M = G / C G M P G * 1 0 0 .
S U N I C 5 = A I C 5 / ( A I C 5 + A N C 5 )
X - < C 5 = ( Y C 5 / ( T H 0 L 3 * 3 C A T ) * A L G G ( 1 . - S U M I C 5 / Y C 5 ) ) * ( - 1 , ) * X C 5 P .
S U M I C 6 = ( A 2 2 D M B + A 2 N P + A 3 N D ) / ( A N C d + A 2 2 D M 3 + A 2 M P + A 3 M P )
X K C 5 = ( Y : 6 / ( T H 0 L 3 * 3 C A T ) * A L 0 G ( 1 . - S U M I C 6 / Y C É ) ) * ( - 1 . ) * X C 6 R
W R I T E ( 6 , 7 7 7 )
7 7 7  F O R M A T ( I H l )
W R I T E ( 6 ,  1 9 9  ) R U N N O  
1 9 9  F O R M A T ( 5 0 X  ♦ * R U N  » , 2 A 4 )
W R I T E ( 6 , 1 0 0  1 )
W R I T E ( 6 , 1 0 0  1 )
W R I T E ( 6 , 1 0 0 1 )
W R I T E ( 6 , 1 0 0  1 )
1 0 0 1  F O R M A T C *  » )
W R I T E ( 6 , 1 0 2 ) T T E M P  
1 0 2  F O R M A T ( 2 0 X , » T E M P E R A T U R E » , 1 7 X , F 1 0 . 0 , 7 X , * D E G  F * )
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W R I T : ( 6 , 1 0 3 PRES
1 0 3 F O R M 4 T ( 2 0 X , P R E S S J R E ^ , 2 0 % , F 1 3 . 3 , 7 X , ^ P S I 3 ^ )
W R I T E ( 6 , 1 0 4 C A T  W T
1 0 4 F O R M A T ( 2 0 X i C A T A L Y S T  W E I 3 H T ^ , 1 6 X , F 1 0 . 3 , 4 X , ^ G R A M S ^ )
W R I T : ( 6 , 8 6 0 C A T Y P
S 6 3 r O R M A T ( 2 0 X , C A T A L Y S T  T Y P E ^ , 2 1 X , 2 A 4 )
W R I T E ( 6 ,  1 0  0 )
W R I T E ( 6 » 1 0 6
1 0 6 F O R M A T ( 2 0 X , H Y D R O C A R B O N  F E E D  C O M P O S I T I O N ^ )
W R I T E ( 6 , 1 0 0 )
W R I T E ( 6 , 1 1 6
1 1 6 F 0 R M A T ( 5 1 X , M O L E  F R A C T I O N * , 4 X , ♦ P A R T I A L  P R E S S U R E * )
W R I T E ( 6 , 1 3 7 P E N T , P P C 5
1 0 7 F O R M A T ( 2 0 X , N O R M A .  P E N T A N E * , 1 5 X , F 1 G . 2 , 4 X , F 1 0 . 2 , 2 X , * P S I A *
W R I T E  ( 6 ,  1 0  8 H E X , P = C 6
1 0 5 F O R M A T ( 2 0 X , N O R M A -  H E X A N E ♦ , 1 6  X , F 1 C . 2 , 4  X ,  F  1 0 .  2 ,  2 X ,  ♦ P S I  A ♦ )
W R I  T E ( 6  ,  1 0 C )
W R I T E ( 6 , 1 1 0 H 2 C R
1 1 0 F ] R M A T ( 2 0 X , n 2 / H Y O R O C A R 5 G N  M O L E  R A T I  0  ♦ ,  “ X ,  -  1 C .  2 )
W R I T E ( 6 , 1 1 5 P P ri  2
1 1 5 F 0 R M A T ( 2 0 X , H Y D R 0 3 E N  P R E S S U R E / , 1 1 X , F 1 0 . 1 , 3 X , * ° S I A * )
W 3 I  T E ( 6 , 1 1 3 T h O L O
~ r  , _ r  :  '  —  ■ ■ ' • ’ " ^ < 3 ' ' t " 1 0 . 2 , 2 X ,
♦ S E C  *  )
W R I T E ( 6 , 1 1 4 X M A T 5
1 1 4 F O R M A T ( 2 0 X » M A T E R I A L  3 A L A  N O E ♦ , 1 3 X , -  1 0 . 2 , 2 X ,  ♦ = E R C E N T  ♦ )
W R I T E ( 6 , 1 0 0 )
W R I T E ( 6 , 1 0 0 )
W R I T E ( 6 , 1 C 0 )
W R I T E ( 6 , 1 0 0 )
W R I T E ( 6 , 1 0 0 )
W R I T E ( 6 , 1 0  0 )
W R I T E ( 6 , 1 C 0 )
W R I T E ( 6 , 1 2 0
1 2 0 F O R M A T ( 2 0 X , M O L E S  P R O O U C T / I C O  M O L E S  F E E D * )
W R I T E ( 6 , 1 0 C )
W R I T E ( 6 , 1 0 0 )
W R I  T E ( 6  ,  1 2  1 A I C 5
1 2 1 F O R M A T ( 2 0 X , I S O  C 5 * , F 1 3 . 2 )
W R I T E ( 6 , 1 2 2 A N C  5
1 2 2 F O R M A T ( 2 0 X , iN C 5 * , 2 X , " 1 0 . 2 )
W R I T E ( 6 , 1 2 3 A 2  2  0  M 3
1 2 3 F O R M A T ( 2 0 X , 2  2  D M 3 * ,  1 X ,  P 1 0 .  2 )
W R I T E ( 6 , 1 2 4 A 2 M P
1 2 4 F O R M A T ( 2 0 X , 2 M P * , 3 X , F 1 C . 2 )
W R I T E ( 6 , 1 2 5 A 3  M r
1 2 5 F O R M A T ( 2 0 X , 3 M 2 * , 3 X , F 1 C . 2 )
W R I T E ( 6 , 1 2 6 A N C 6
1 2 6 F Q R M A T ( 2 Q X , N C 6 * , 3 X , F 1 0 . 2 )
W R I T E ( 6 , 1 0 0 )
W R I T E ( 6 , 1 3 0 XXC5
1 3 0 F Q R M A T ( 2 0 X , 0 5  R A T E  C O N S T A N T * , 1 5 X , F 1 0 . 3 , 2 X , * C C / G M / S E C * )
W R I T E ( 6 , 1 3 0 )
W R I T E ( 6 , 1 3 1 X K C 6
1 3 1 F 0 R M A T ( 2 0 X , C6 R A T E  C O N S T A N T * , 1 5 X , - 1 0 . 3 , 2 X , * : : / G M / S E C * )
SO T O  6 6 6
E WO
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) Sk
/ /  E X E C  E Y F 0 R T 3 , F A R M . F O R T = ( N O S O U R C E , N O M A P ) , F A R M . L K E D = L E T  
/ / C 0 9 T . S Y S F R I N T  0 0  D U M M Y
D I M E N S I O N  X I C 5 ( 7 ) , X N C 5 ( 7 ) , X 2 2 D M B ( 7 ) , X 2 M F ( 7 ) , X 3 M D ( 7 ) ,
X N C 6 ( 7 )
D I M E N S I O N  C A T Y F ( 2 )
D I M E N S I O N  R U N N 0 C 2 )
D A T A  S T F / *  • /
6 6 6  C O N T I N U E
R E A D  < 5 , 9 9 9 ) R U N N 0  
I F ( R U N N O d )  . E Q . S T P ) C A L L  E X I T  
R E A D ( 5 , 9 9 9 ) C A T Y P  
= ? 9 9  F O R M A T  ( 3 A 4 )
R E A D ( 5 , 9 9 8 ) X C 5 R , X C 6 R  
9 9 8  F O R M A T ( 8 F 1 0 . 0 )
R E A D ( 5 , 1 ) X M
1 F O R M A T ( 8 F 1 0 . 0 )
N =  XM
R E A D ( 5 , 2 ) P R E S , C A T W T , D C A T , H F L 0 W I , A V G A S
2  F O R M A T ( 5 = 1 0 . 0 )
C T V O L = C A T W T / D C A T
R E A D ( 5 , 3 ) T T E M D , Y C 5 , Y C 6 , C 5 V F P , C 6 V F R
3 F 0 R M A T ( 5 F 1 0 . G )
R E A D ( 5 , 4 ) p B A R , T B A R , T W T M A , T W T M 9
4  F O R M A T ( 4 F 1 0 . 0 )
T W T M A K = 2  7 3 . 1 6 + 5 . * ( T W T M A - 3  2 . ) / 9 ,
T A R G = 6 4 7 . 2 7 - T W T M A K
A R G = T A R G * ( 3 . 2 4 3 3 + T A R G * . 0 0 5 S 7 + ( T A R G * * 3 ) * 1 . 1 7 E - 0 8 ) /  
1 ( T ' , J T M A K * ( 1 . + T A R G * .  0 0 2 1 9 ) )  
P W t m a = 2 1 8 . 1 7 * ( 1 0 . * * ( - A F G ) ) * ? = . = 2  
T W T M B K = 2 7 3 . 1 6 + 5 . * ( T W T M = - 3 2 . ) / 9 .
T B R G = 6 4 7 . 2 7 - T W T M B K
9 R 3 = T S S G * ( 3 . 2 4 3 9 + T 5 = G + . 0  0 5 8  7 + ( T = R G * * 3 ) * 1 . 1 7 E - r : ) /
I  ( T V | T V ! P K *  ( 1  , + T 3 ' ’ G * . ^ 0 2 1 9 )  )
P W T M 3  =  2 i a . l 7 * ( 1 0 . * * ( - P P G ) ) * 2 = . ' = 2  
P E i D ( 5 , 6 ) ( X l C 5 ( I ) , I = l , N )
R E Û D ( 5  ,  6  ) ( X N C 5  ( I  ) ,  I  = 1 ,  N )
6  F Q R M A K S F I O . O )
T P 0 E S = P 0 E S + 1 4 . 7
G M N C 5 = C 5 V F R * . 6 2 6 2 / 7 2 . 1 5
G M N C 6 = C 6 V F R * . 6 8 0 1 / 3 6 . I P
T M 0 L E = G M N C 5 + G M N C 6
P E N T = G M N C 5 / T M 0 L E
H F X = G M N C 6 / T M 0 L E
T E ’^ ° C  =  ( T B A R - 3 2 . ) / 1 . 8
P B A R C = P E A R * ( 1 . - ( . 0 0 0 1 6 4 * T E M P C ) / ( 1 . + . 0 C G 1 8 2 * T F M P C ) )  
H R A T E = 3  7 5  2 .  1 *  ( P B A R C - P W T M A  ) /  H F  L  0  W I  /  ( 4 6  0 .  + T W T A  ) 
H 2 C R = H R A T E / ( G M N G 5 + G M N C 6 )
P P H 2 = H 2 C R / ( H 2 C R + 1 . ) * T P R E S
P P C 5 = P E N T / ( H 2 C R + 1 . ) * T P R E S
P P C 6 = H E X / ( H 2 C R + 1 . ) * T P R E S
W H S V  =  ( C 5 V F R * . 6 2 6 2  +  C 6 V F R * . 6 6 0  1 ) / C A T . | T
V H S V = ( C 5 V F R + C 6 V F R ) / C T V 0 L
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G D E N = T P R E S * 4 5 3 . 6 / 1 0 . 7 3 / 2 8 3 1 2 . 6 / ( 4 4 0 . + T T - V P )  
T H O L D = G D E N * C T V O L * 3 6 n O . / ( 3 M N C 5 + G M N C 6 + H R A T r )
A I C 5  =  0 .
A N C 5  =  0 .
DO 5 0  I = 1 , N  
A I C 5  =  A I C 5  +  X I C 5 ( I  )
A N C 5  =  A N C 5  +  X N C 5 ( I  )
5 0  C O N T I N U E
A I C 5 = A I C 5 / X M  
A N C 5 = A N C 5 / X M  
H A T 0 M = 1 2 . * G M N C 5  
C A T 0 M = 5 . * G M N C 5
T C A T O M = ( 5 . * A I C 5 + 5 . * A N C 5 ) / 1 0 Q .
T H A T O N = ( 1 2 . * A I C 5 + 1 2 . * A N C 5 ) / 1 0 0 .
G M H C P = C A T O M / T C A T O M
G M H 2 P = H R A T E + 0 . 5 * ( H A T O M - G M H C C * T H A T O W )
C G M P G = G M H 2 P + G M H C P
A G N P G = 3 7 3 2 . 1 * ( P B A R C - P W T M 8 ) / A V G A S / ( 4 6 0 . + T W T ^ 5 )  
X M A T B = A G M P G / C G M P G * 1 0  0 .
S U M I C 5  = A I C 5 / 1 0 0  .
X K C 5 = ( Y C 5 / ( T H 0 L D * 0 C A T ) * A L 0 G ( 1 . - S U V I C 5 / Y C S ) ) * ( - 1 . ) * X C 5 9  
W R I T E ( 6 , 7 7 7 )
7 7 7  F O R M A T ( I H l )
W R T T E ( 6 , 1 9 9 ) R U N N 0  
1 9 9  F O R M A T ( 5 0 X , # R U N  * , 3  A 4 )
W R I T E ( 6 , 1 0 0 1 )
W R I T E ( 6 , 1 0 0  1 )
W R I T E ( 6 , 1 0 0  1 )
W R I T E ( 6 , 1 0 0 1 )
1 0 0 1  F O R M A T ( *  » )
W R I T E ( 6 , 1 0 2 ) T T E v p
1 0 2  F 0 R M A T ( 2 0 X , ' T E U o E R A T U R E ' , 1 7 y , r i 2 , 3 , 7 X , , n r r  r , )
W R I T E ( 6 , 1 0 3 ) P R E S
1 0 3  F O R  M A T ( 2 0 X , ’ P R E S S U R E » , 2 0 X , F I G . 0 , 7 X , » D S I G » )
WR I T E ( 6 , 1 0 4 ) C A T W T
1 0 4  F O P M A T ( 2 0 X , » C A T A L Y S "  WE I  GHT * , 1 6 ^ , f i n , 3 , i x , * G=A” S ♦ ) 
W R I T E ( 6 , 8 8 0  ) C A T Y °
8 8 0  F O R V A T ( 2 G X , ’ C A T A L Y S T  T Y P E * ,  2 1 X , 2  A 4 )
W R I T E ( 6 , 1 0 0 1 )
W R I T E ( 6 , 1 0 6 )
1 0 6  F O R M A T ( 2 0 X , ’ H Y D R O C A R B O N  F E E D  C O M P O S I T I O N » )
W R I T E ( 6 ,  1 0 0  1 )
W R I T E ( 6 , 1 1 6 )
1 1 6  F G R M A T ( 5 1 X , ’ M O L E  F R A C T I O N » , 4 \ , ’ P A R T I A L  P R E S S U R E » )  
W R I T E ( 6 , 1 0 7 ) P E N T , P P C 5
1 0 7  F O R M A T  ( 2 0 X , ’ N O R M A L  P E N T A N E » , 1 5 X , F I O . 2 , 4 X , F l 0 . 2 , 2 X , » P S T A , )  
W R I T E ( 6 , 1 0 8 ) H E X , P P C 6
1 0 8  F O R M A T ( 2 0 X , ’ N O R M A L  H E X  A N E  ’  , 1 6 X , p 1 0  .  2 , 4 X ,  p 1 0  .  2 , 2 X , » P S I  A » ) 
W R I T E ( 6 , 1 0 0 1 )
WP. I T E ( 6 , 1 1 0 ) H 2 C R  
1 1 0  F O R M A T ( 2 0 X , ’ H 2 / H Y D R 0 C A R B 0 N  M O L E  R A T  I  0  » ,  4 X ,  F 1 0 .  2 )  
W R I T E ( 6 , 1 1 5 ) P P H 2  
1 1 5  F O R M A T ( 2 0 X , ’ H Y D R O G E N  P P E S S U R E » , 1 1 X ,  P 1 0 .  1 ,  3 X ♦ » P 5  I  A » )
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WR I T E < 6 , 1 1 1  ) W H S V  
1 1 1  c 0 = ^ a T ( 2  0 X , ' W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y * , 1 % , F 1 0 . 2 ,
? X ,  ♦ W /  H o / .  V  )
W R I T E ( 6 , 1 1 3 ) T H O L O
1 1 3  f o r m a t  ( 2 0 X  , ' S U P E R F I C I A L  R E S I D E N C E  T I M E * , 3 X , c i 0 . 2 , 2 X ,  
' S E C ' )
W R I T E ( 6 , 1 1 4 ) X M A T S
1 1 4  F O R M A T ( 2 0 X , ' M A T E R I A L  B A L A N C E '  ,  1 3 X  ,  R 1 0  .  2  ,  2 X  ,  » p E R C E N T ♦ )  
W R I T E ( 6 , 1 0 0 1 )
W R I T E ( 6 , 1 0 0 1 )
W R I T E ( 6 , 1 0 0 1 )
W R I T E ( 6 , 1 0 0  1 )
W R I T E ( 6 , 1 0 0 1 )
W P I T E ( 6 , 1 0 0 1 )
W R I T E ( 6 , 1 0 0  1 )
W R I T E ( 6 , 1 2 0 )
1 2 0  F 0 R M A T ( 2 0 X , ' M O L E S  ° P O D U C T / 1 0 0  " O L E S  F E F ' ^ ' )
W R I T E ( 6 , 1 0 0 1 )
W R I T E ( 6 , 1 0 0 1 )
W R I T E ( 6 , 1 2 1 ) A I C 5
1 2 1  F O R M A T ( 2 0 X , ' I S O  C 5 * , F 1 0 . 2 )
W R I T E ( 6 , 1 2 2 ) A N C 5
1 2 2  F O R M A T ( 2 0 X , ' N  C 5  '  , 2 X ,  ^ 1 0  •  2 )
W R I T E ( 6 , 1 0 0 1 )
W R I T E ( 6 , 1 3 0 ) X K C 5  
1 3 0  F O R M A T ( 2 0 X , ' C 5  R A T E  C O N S T A N T ' , 1 5 X , F 1 0 . 3 , 2 X , ' C C / G M / S E C ' )  
W R I T E ( 6 , 1 0 0 1 )
GO T O  6 6  6  
E N D
/ / L K E D . S Y S P R I N T  D C  O U ^ M Y  
/ / G O . S Y S I N  D O  *
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RUN C 6 I - 5
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T E M P E R A T U R E  
P R E S S U R E  .
C A T A L Y S T  W E I G H T  
C A T A L Y S T  T Y P E
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
4 6 5 .  D E C  F
2 0 0 .  DSI G
2 . 0 0  0 G R A M S
L J J  2 8 9
N O R M A L  P E N T A N E  
N O R M A L  H E X A N E
H 2 / H Y n P 0 C A R B 0 N  M O L E  R A T I O  
H Y D R O G E N - P R E S S U R E  
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y  
S U P E R F I C I A L  R E S I D E N C E  T I M E
m a t e r i a l  b a l a n c e
M O L E  F R A C T I O N  
0 . 0
1 . 0 0
1 0 . 1 4
1 9 5 . 4  P S I A  
6 . 6 0  W / H R / W  
2 . 4 4  S E C  
9 9 . 4 0  P E R C E N T
P A R T I A L  P P E S S  
0 . 0  P S ' A
1 9 . 2 8  P S  TA
M O L E S  P R O D U C T / 1 0 0  ^ q l E S  F E E D
I S O  0 5
N C 5




0 . 1 4
2 . 1 5
0 . 6 3
1 2 . 0 3
5 . 3 9
7 9 . 6 5
C 5  R A T E  C O N S T A N T  
C 6  R A T E  C O N S T A N T
0 . 0  C C / G M / S E C  
0 . 1 4 3  C C / G M / S E C
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T E M P E R A T U R E  
P R E S S U R E  
C A T A L Y S T  W E I G H T  
C A T A L Y S T  T Y P E
4 6 5 .
3 0  0 .  
2 . 0 0 0  
L J J  2 8 9
D E C  F 
D S IG  
GP A^S
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
N O R M A L  P E N T A N E  
N O R M A L  H E X A N E
M O L E  f r a c t i o n  
0 . 0
1 . 0  0
P A R T I A L  P R E S S  
0 . 0  P S I A
2 7 . 9 8  P S I A
H 2 / H Y D R 0 C A R B 0 N  M O L E  R A T I O  
H Y D R O G E N  P R E S S U R E  
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y  
S U P E R F I C I A L  R E S I D E N C E  T I M E  
M A T E R I A L  B A L A N C E
1 0 . 2 5  
2 8  6 . 7  P S I A  
6 . 6  0 W / H P / W  
3 . 5 4  S E C  
9 8 . 6 2  P E R C E N T
M O L E S  o R O D U C T / l O O  M O L E S  F r r n
I S O  0 5
N C 5  
2 2 0 ^ 8  
2 M  =
3M3
NC6
0 . 1 9
3 . 0 3
0 . 4 9
1 2 . 2 4
5 . 4 2
7 8 . 6 3
C 5  R A T E  C O N S T A N T
C 6  R A T E  C O N S T A N T
: . C  C C / G M / S E C  
0 . 1 0 0  C C / G M / S E C
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RUN C 6 I - 8
T E M P E R A T U R E  
P R E S S U R E  
C A T A L Y S T  W E I G H T  
C A T A L Y S T  T Y P E
465.
100 . 
2 . 0 0  0 
L J J  ?9 9
D E G  F
P S I G
GRAMS
H Y D R O C A R B O N  F E E D  C C M ° O S I T I O N
N O R M A L  P E N T A N E  
N O R M A L  H E X A N E
M O L E  F R A C T I O N  
0 . 0
1 . 0 0
P A R T I A L  P R E S S  
0.0 DS I A 
10.61 PSIA
H 2 / H Y D R 0 C A R B O N  MOLE R A T I O  9.9 1
H Y D R O G E N  P R E S S U R E  104.1 ° S I A
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y  6 . 6 0  W / H P / W
S U P E R F I C I A L  R E S I D E N C E  T I M E  1.34 S E C
M A T E R I A L  B A L A N C E  99.38 P E R C E N T
M O L E S  P R O D U C T / 1 0 0  M O L E S  F E E D
I S O  C 5 0 . 1 1
N C 5 0 . 9 0
2 2 D M S 1 . 1 9
2 MP 1 6 . 9 5
3 M P 4 . 8 1
N C 6 7 6 . 1 5
C 5  R A T E C O N S T A N T 0 . 0  C C / G M / S E C
C 6  R A T E C O N S T A N T 0 . 3 3 7  C C / G M / S E C
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T E M P E R A T U R E  
PR E S S U R E  
C A T A L Y S T  W E I G H T  
C A T A L Y S T  T Y P E
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
N O R M A L  P E N T A N E  
N O R M A L  H E X A N E
H 2 / H Y D R 0 C A R B 0 N  M O L E  R A T I O  
H Y D R O G E N  P R E S S U R E  
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y  
S U P E R F I C I A L  R E S I D E N C E  T I M E  
M A T E R I A L  B A L A N C E
4 6 5 .
1 9 2 .  
2 . 0 0 2  
L J J  2 8 9
M O L E  F R A C T I O N  
0 . 0
1 . 0 0
1 7 . 8 ?
1 9 5 . 7
6 . 6 0
1 . 3 9
9 9 . 6 8
DPG F
P S I G
GRAMS
P A R T I A L  P = E S S  
0 . 0  P S T A
1 0 . 9 9  P S I A
P S I A
W / H R / W
S E C
P E R C E N T
M O L E S  P R O D U C T / 1 0 0  M O L E S  F E E D
I S O  C 5
N C 5





1 . 8 2
0 . 8 0
6 . 4 6
2 . 5 1
9 8 . 4 2
C 5  R A T E  C O N S T A N T  
0 6  R A T E  C O N S T A N T
0 . 0  C C / G ^ / S E C  
0 . 1 2 7  C C / G v / S E C
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RUN C 6 I - I 5
TEMPERATURE 
P R E S S U R E  
C A T A L Y S T  W E I G H T  
C A T A L Y S T  T Y P E
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
4 6 5  .
2 9 1  .
2 . 0 0 7  
L J J  2 8 9
D E G  F
D S IG
G R A M S
N O R M A L  P E N T A N E  
N O R M A L  H E X A N E
H 2 / H Y D R 0 C A R B 0 N  M O L E  R A T I O  
H Y D R O G E N  P R E S S U R E  
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y  
S U P E R F I C I A L  R E S I D E N C E  T I M E  
M A T E R I A L  B A L A N C E
M O L E  F R A C T I O N  
0 . 0
1 . 0  0
1 4 . 8  =  
2 8 6 . 5
6 . 5 8
2 . 4 4
111  . F E
P A R T I A L  P ^ E S S  
0 . 0  P S I A  
1 9 . 2 3  P S I A
P S I A
W / h r / w
S E C
P E R C E N T
M O L E S  P R O D U C T / 1 0 0  M o l E S  R f f r
I S O  C 5  





0 . 0 
2 . 8 1  
0 . 3 0  
1 1 . 6 3  
4 . 9 7  
8 0 . 2 8
C 5  R A T E  C O N S T A N T  
C 6  R A T E  C O N S T A N T
0 . 0  C C / G M / S E C  
0 . 1 3 3  C C / G M / S E C
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RUN C 6 I - 1 6
T E M P E R A T U R E  
P R E S S U R E  
C A T A L Y S T  W E I G H T  
C A T A L Y S T  T Y P E
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
n o r m a l  p e n t a n e
N O R M A L  H E X A N E
H 2 / H Y D R 0 C A R B 0 N  M O L E  R A T I O  
H Y D R O G E N  P R E S S U R E  
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y  
S U P E R F I C I A L  R E S I D E N C E  T I M f  
M A T E R I A L  B A L A N C E
4 6 5 .  D E G  F
2 9 1 .  P S I G
2 . 0 1 3  G R A M S
H U E  2 4 3
M O L E  F R A C T I O N  
0 . 0
1 . 0 0
1 4 . 8 5
2 8 6 . 4  P S I A  
6 . 5 6  W / M R / W
3 . 1 3  S E C  
1 0 2 . 0 3  P E R C E N T
P A R T I A L  P R E S S  
0 . 0  P S I A
1 9 . 2 9  P S I A
M O L E S  P R O D U C T / 1 0 0  " O L E S  F [ F D













8 6 . 7 5
C 5  R A T E  C O N S T A N T  
C 6  R A T E  C O N S T A N T
0 . 0  C C / G M / S E C  
0 . 0 8 3  C C / G M / S E C
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RUN C 6 I - 1 7
TEMPERATURE 
P R E S S U R E  
C A T A L Y S T  W E I G H T  
C A T A L Y S T  T Y P E
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
N O R M A L  P E N T A N E  
N O R M A L  H E X A N E
H 2 / H Y D R 0 C A R 3 0 N  M O L E  R A T I O  
H Y D R O G E N  P R E S S U R E  
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y  
S U P E R F I C I A L  R E S I D E N C E  T I M E  
M A T E R I A L  B A L A N C E
4 6 5 .  D E G  F
3 0 0 .  P S I G
2 . 0 1 3  G R A M S
H U E  2 4 3
M O L E  F R A C T I O N  
0 . 0
1 . 0 0
1 0 . 0 4  
2 P 6 . 2  P S I A  
6 . 5 6  W / H P / W  
4 . 6 3  S E C  
1 0 5 . 3 0  P E R C E N T
P A R T I A L  P R E S S  
0 . 0  P S I A
2 8 . 5 1  P S I A
M O L E S  P R O D U C T / 1 0 0  M O L E S  F E E D
I S O  C 5
N C 5




0 . 0 
2 . 5 8  
0 . 2 1  
6 . 0 5  
3 . 1 1  
8 8 . 0 5
C 5  R A T E  C O N S T A N T  
C 6  R A T E  C O N S T A N T
0 . 0  C C / G M / S E C  
0 . 0 4 7  C C / G M / S E C
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RUN C 6 I - 1 9
T E M P E R A T U R E  
P R E S S U R E  
C A T A L Y S T  W E I G H T  
C A T A L Y S T  T Y P E
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
N O R M A L  P E N T A N E  
N O R M A L  H E X A N E
H 2 / H Y 0 R 0 C A R B 0 N  M O L E  R A T I O  
H Y D R O G E N  P R E S S U R E  
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y  
S U P E R F I C I A L  R E S I D E N C E  T I M E  
M A T E R I A L  B A L A N C E
6 6 5 .
2 0 0 .
2 . 0 0 7  
H U E  2 4 3
M O L E  F P A C T I O N  
0 . 0
1 . 0 0
DEG F
P S I G
GRAMS
9 . 8 7
1 9 5 . 0
6 . 5 ?
3 . 2 0
1 0 5 . 3 4
P A R T I A L  P P E S S  
0 . 0  P S I A  
1 9 . 7 4  P S I A
P S I A
W / H R / W
S E C
p e r c e n t
M O L E S  P R O D U C T / 1 0 0  M O L E S  P E E D
I S O  C 5
N C 5




4 . 7 0
1 9 . 3 6
5 . 4 3
5 . 0 2
2 . 3 3
6 3 . 1 5
C 5  R A T E  C O N S T A N T  
C 6  R A T E  C O N S T A N T
0 . 0  C C / 3 M / S E C  
0 . 1 2 5  C C / G M / S E C
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RUN C 6 1 - 1 8
T E M P E R A T U R E  
P R E S S U R E  
C A T A L Y S T  W E I G H T  
C A T A L Y S T  T Y P E
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
N O R M A L  P E N T A N E  
N O R M A L  H E X A N E
H 2 / H Y D R 0 C A R B 0 N  M O L ^  R A T I O  
H Y D R O G E N  P R E S S U R E  
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y  
S U P E R F I C I A L  R E S I D E N C E  T I M E  
M A T E R I A L  B A L A N C E
4 6 5 .  D E G  F
1 0  0 .  P S I  G
2 . 0 0 3  G R A M S
H U E  2 4 3
M O L E  F R A C T I O N  
0 . 0
1 . 0 0
1 0 . 0 0
1 0 4 . 3  P S I A  
6 . 5 9  W / H R / W  
1 . 6 9  S E C
1 0 3 . 0 3  P E R C E N T
P A R T I A L  P R E S S  
0 . 0  P S I A  
1 0 . 4 3  P S  TA
M O L E S  P R O D U C T / 1 0 0 M O L E S  F E ^ P
I S O  C 5
N C 5




7 . 8 P
1 7 . 7 7
9 . 3 7
1 0 . 2 4
1 . 2 5
5 3 . 4 8
C 5  P A T E  C O N S T A N T  
C 6  r a t e  C O N S T A N T
0 . 0  C C / G M / S E C  
0 . 4 3 1  C C / G M / S E C
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RUN C 6 I - 2 0
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T E M P E R A T U R E  
P R E S S U R E  
C A T A L Y S T  W E I G H T  
C A T A L Y S T  T Y P E
4 6 5 .
9 7 .  
2.001 
H U E  2 4 3
DEG F
P S I G
GRAMS
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
N O R M A L  P E N T A N E  
N O R M A L  H E X A N E
M O L E  F R A C T I O N  
0 . 0
1 . 0 0
P A R T I A L  P R E S S  
0 . 0  P S I A  
7 . 0 7  P S I A
H 2 / H Y D R 0 C A R B 0 N  M O L E  R A T I O  
H Y D R O G E N  P R E S S U R E  
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y  
S U P E R F I C I A L  R E S I D E N C E  T I M E  
M A T E R I A L  B A L A N C E
1 4 . 7 9  
1 0  4 . 6  P S I A  
6 . 6  0 W / H R / W  
1 . 1 4  S E C  
= 6 . 1 4  P E R C E N T
M O L E S  P R O D U C T / 1 0 0  M O L E S  F E E D
I S O  0 5 3 . 7 3
N C 5 1 3 . 4 1
2 2 0 M B 8 . 2 6
2 MP 9 . 1 6
3 M P 2 . 5 1
N C 6 6 2 .  =  3
C 5  R A T E C O N S T A N T 0  .  0 C C / G M / S E C
C 6  R A T E C O N S T A N T 0 . 5 2 8 C C / G M / S E C
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RUN C 6 I - 2 2
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T E M P E R A T U R E  
P R E S S U R E  
C A T A L Y S T  W E I G H T
c a t a l y s t  t y p e
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
N O R M A L  P E N T A N E  
N O R M A L  H E X A N E
H 2 / H Y D R 0 C A R B 0 N  M O L E  R A T I O  
H Y D R O G E N  P R E S S U R E  
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y  
S U P E R F I C I A L  R E S I D E N C E  T I ^ E  
M A T E R I A L  B A L A N C E
4 6 5 .  
1 9 2 .  
2 . 0 0 ? 
H J “̂  2 4 3
M O L E  F R A C T I O N  
0 . 0
1 . 0 0
DEG F
° S I G
GRAMS
1 7 . 8 5
1 9 5 . 7
6 . 6 0
1 . 7 7
1 0 0 . 6 0
P A R T I A L  P R E S S  
0 . 0  P S I A  
1 0 . 9 7  P S I A
P S I A
W / H R / W
S E C
P E R C E N T
M O L E S  P R O D U C T / 1 0 0  M O L E S  F E E D
I S O  C 5 0  .  0
N C 5 1 . 0 4
2 2 D M 9 0 . 1 3
2 M P 1 2 . 9 2
3 M P 4 . 9 2
N C 6 8 0 . 9 9
C 5  r a t e C O N S T A N T 0  .  0 C C / G M / S E C
C 6  R A T E C O N S T A N T 0 . 2 4 6 C C / G M / S E C
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
169
RUN M l - 4
t e m p e r a t u r e
P R E S S U R E  
C A T A L Y S T  W E I G H T  
C A T A L Y S T  T Y P E
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
4 6 5 .
20 0 . 
2 . 0 0 0  
L J J  2 P 9
DEG F
° S I G
GRAMS
M O L E  F R A C T I O N P A R T I A L  P P E S S
N O R M A L  P E N T A N E 0 . 1 7 3 . 1 6  P S I A
N O R M A L  H E X A N E 0 . 8 3 1 5 . 8 0  P S I A
H 2 / H Y D R 0 C A R B 0 N  M O L E  R A T I O 1 0 . 3 3
H Y D R O G E N  P R E S S U R E 1 9 5 . 7 P S  I  A
W E I G H T  H O U R L Y  S P A C ^  V E L O C I T Y 6 . 5 5 W / H R / W
S U P E R F I C I A L  R E S I D E N C E  T I M E 2 . 3 5 S E C
M A T E R I A L  B A L A N C E 9 9 . 3 6 P E R C E N T
M O L E S  P R O D U C T / I C O  M O L E S  ^ E E D
I S O  C 5 1 . 2 6
N C 5 1 9 . 0 1
2 2 D M 9 0 . 2 2
2 M P 1 1 . 0 9
3 M P 5 . 3 6
N C 6 6 3 . 0 4
C 5  R A T E C O N S T A N T
C 6  R A T E C O N S T A N T
0 . 0 4 5  C C / G M / S E C  
0 . 1 7 1  C C / G M / S E C
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2 0 0 . 
2 . 0 0 0  
LJJ 2R9
QPG F
P S I G
GR AMS
HYDROCARBON FEED COMPOSITION
MOLE P R  AC TION PARTIAL pPESS
NORMAL PENTANE 0.38 7.62 P S I A
NORMAL HEXANE 0.62 12.49 PSIA
H2/HYDP0CARB0N MOLE RATIO 9.68
HYDROGEN PRESSURE 194.6 PSIA
WEIGHT HOURLY SPACE VELOCITY 6.43 W/HR /'■/
SUPERFICIAL RESIDENCE TIME 2.43 SEC
MATERIAL BALANCE 99.35 PERCENT







C5 RATE CONSTANT 0.046 CC/G'VSEC
C6 RATE CONSTANT 0.201 CC/G'-'/SEC
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RUN M i - 6
TEMPERATURE 465. DEG F
PRESSURE 200 . PSIG
CATALYST WEIGHT 2.000 GRAMS
CATALYST TYPE LJJ 289
HYDROCARBON FEED COMPOSITION
MOLF FRACTION PARTIAL PCESS
NORMAL PENTANE 0.53 10.00 PSIA
NORMAL HEXANE 0.47 8.82 PSIA
H2/HYOROCARBON MOLE RATIO 10.41
h y d r o g e n  p r e s s u r e 1P5.9 PS I A
WEIGHT HOURLY SPAC^ VELOCITY 6.43 W/HR/W
SUPERFICIAL RESIDENCE TIME 2.23 SEC
MATERIAL BALANCE P9.62 PERCENT









0 .  I P  
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RUN M l - 1 0
T E M P E R A T U R E 4 6 5 . D E G  F
P R E S S U R E 3 0  0 . P S I G
C A T A L Y S T  W E I G H T 2 . 0 0 0 P R A M S
C A T A L Y S T  T Y P E L J J  2 8 °
h y d r o c a r b o n  f e e d  C O M P O S I T I O N
M O L E  F R A C T I O N P A R T I A L P R E S S
N O R M A L  P E N T A N E 0 . 1 7 4 . 6 8 P S I A
N O R M A L  H E X A N E 0 . 8 3 2 3 . 4 0 P S I A
H 2 / H Y D R 0 C A R B 0 N  M O L E  R A T I O 1 0 . 2  1
H Y D R O G E N  P R E S S U R E 2 8 6 . 6  P S I A
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y 6 . 5  5  W / H R / W
S U P E R F I C I A L  R E S I D E N C E  T I M E 3 . 4 8  S E C
M A T E R I A L  B A L A N C E 9 9 . 8 6  P E R C E N T
M O L E S  ° R O D U C T / 1 0 0  ^ ^ O L E S  F E E D
I S O  C 5 1 . 4 1
N C 5 2 2 . 5 7
2 2 D M 9 0 . 1 0
2 Mp 1 0 . 9 1
3 M P 4 . 3 4
N C 6 5 9 . 7 7
C 5  R A T E C O N S T A N T
C 6  R A T E C O N S T A N T
0 . 0 2 °  C C / G M / S E C  
0 . 1 1 5  C C / G M / S E C
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173
T E M P E R A T U R E  
P R E S S U R E  
C A T A L Y S T  W E I G H T  
C A T A L Y S T  T Y P E
4 6 5  .
3 0 0 .  
2 . 0 0 0  
L J J  2 8 9
D E G  F 
P S I G
G R A Y S
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
N O R M A L  P E N T A N E  
N O R M A L  H E X A N E
M O L E  F R A C T I O N  
0 . 5 3  
0 . 4 7
P A R T I A L  P: )  
1 5 . 0 7  P S '  
1 3 . 3 0  P S  I
E S S
H 2 / H Y D R 0 C A R 3 0 N  M O L E  R A T I O  
H Y D R O G E N  P R E S S U R E  
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y  
S U P E R F I C I A L  R E S I D E N C E  T I M F  
m a t e r i a l  B A L A N C E
1 0 . 0 9  
2  8  6 . 3  P S I A  
6 . 4 3  W / H P / W  
3 . 3 6  S E C  
1 0 0 . 3 2  p e r c e n t
M O L E S  P R O D U C T / 1 0  0 M O L E S  F E E D
I S O  C 5 3 . 2 2
N C 5 4 8 . 2 2
2 2 D M B 0 .0 1
2 MP 7 . 3 7
3 M d 3 . 2 1
N C 6 3 7 . 9 7
C 5  R A T E C O N S T A N T
C 6  R A T E C O N S T A N T
0 . 0 3 2  C C / G M / S E C  
0 . 1 2 5  C C / G M / S E C
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RUN M I - 1 2
T E M P E R A T U R E 4 6 5 . D E G  F
P R E S S U R E 3 0 0  . ° S I G
C A T A L Y S T  W E I G H T 2 . 0 0 0 G R A M S
C A T A L Y S T  T Y P E L J J  2 8 0
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
M O L E  F R A C T I O N  P A R T I A L  P = E S S
N O R M A L  P E N T A N E 0 . 7 7 2 1 . 9 0  P S I A
N O R M A L  H E X A N E 0 . 2 3 6 . 4 4  P S I A
H 2 / H Y D R 0 C A R B 0 N  M O L E  R A T I O 1 0 . 1 0
H Y D R O G E N  P R E S S U R E 2 8 6 . 4 P S I A
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y 6 . 3 5 W / H R / W
S U P E R F I C I A L  R E S I D E N C E  T I M E 3 . 2 6 S E C
M A T E R I A L  B A L A N C E P P . 6 4 P E R C E N T
M O L E S  P R O D U C T / 1 0 0  m q L E S  F E E D
I S O  0 5 5 . 5 0
N 0 5 7 2 . 3 1
2 2 D M 3 0  .  0
2 MP 4 . 0 2
3 M p 1 . 8 4
N C 6 1 6 . 3 4
0 5  P A T E C O N S T A N T
0 6  R A T E C O N S T A N T
0 . 0 3 S  O C / G M / S E O
0 . 1 6 2  C C / G w / S E C
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RUN M I - 1 3
T E M P E R A T U R E 4 6 5 . D E G  F
P R E S S U R E 1 0 0  . P S I G
C A T A L Y S T  W E I G H T 2 . 0 0 0 G R A M S
C A T A L Y S T  T Y P E L J J  ? B P
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
M O L E  F R A C T I O N P A R T I A L P = E S S
N O R M A L  P E N T A N E 0 . 1 7 1 . 7 7 P S I  A
N O R M A L  H E X A N E 0 . 8 3 8 . 8 4 P S  I  A
H 2 / H Y 0 R 0 C A R B 0 N  M O L E  R A T I O 8 . 9 2
H Y D R O G E N  P R E S S U R E 1 0 4 . 1 P S I A
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y 6 . 5 5 W / H C / W
S U P E R F I C I A L  R E S I D E N C E  T I M E 1 . 3 1 S E C
M A T E R I A L  B A L A N C E 9 9 . 2 6 P E R C E N T
M O L E S  P R C D U C T / 1 0 0  M O L E S  F E E D
I S O  C 5 1 . 5 6
N 0 5 1 8 . « 7
2 2 D M B 0 . 5 2
2 M P 1 4 . 3 2
3 M P 4 . 9 3
N C 6 5 9 . 7 0
C 5  R A T E C O N S T A N T 0 . 1 0 1 C C / G M / S E C
C 6  R A T E C O N S T A N T 0 . 3 7 4 C C / G M / S E C
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RUN M l - 1 4
T E M P E R A T U R E  
P R E S S U R E  
C A T A L Y S T  W E I G H T  
C A T A L Y S T  T Y P E
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
4 6 5 .  
1 0 0 . 
2 . 0 0 0  
L J J  2 8 9
n^G F 
" S I S  
GR A M S
N O R M A L  P E N T A N E  
N O R M A L  H E X A N E
H 2 / H Y D R 0 C A R B 0 N  M O L E  R A T I O  
H Y D R O G E N  P R E S S U R E  
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y  
S U P E R F I C I A L  R E S I D E N C E  t i m e : 
M A T E R I A L  B A L A N C E
M O L E  F R A C T I O N  
0 . 5 3  
0 . 4 7
9 . 7 6
1 0 4 . 0  P S I A  
6 . 4  3 W / H P / ' J  
1 . 2 6  S E C  
9 9 . 3 3  P E R C E N T
P A R T I A L  P F E S S  
5 . 6 6  P S I A
5 . 0  0 P S I A
M O L E S  P R O D U C T / 1 0 0  ' ^ O L E S  F E E D
I S O  C 5
N C 5




5 . 7 5
5 3 . 2 6
0 . 1 3
9 . 9 7
2 . 7 9
2 8 . 1 4
C 5  R A T E  C O N S T A N T  
C 6  R A T E  C O N S T A N T
0 . 1 3 7  C C / G " / S E C  
0 . 5 1 9  C C / G M / S E C
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RUN M I - 1 5
177
T E M P E R A T U R E  
P R E S S U R E  
C A T A L Y S T  W E I G H T  
C A T A L Y S T  T Y P E
4 6 ?. 
I O C .  
2 . 0 0 0  
L J J  2 9 9
D E G  F
P S I G
GRAMS
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
M O L E  F R A C T I O N P A R T I A L  P ° E S S
N O R M A L  P E N T A N E 0 . 7 7 8 . 2 3  P S I A
N O R M A L  H E X A N E 0 . 2 3 2 . 4 2  P S  T A
H 2 / H Y D P 0 C A R B 0 N  M O L E  R A T I O 9 . 7 6
H Y D R O G E N  P R E S S U R E 1 0 4 . 0 P S I A
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y 6 . 3 5 W / H R / W
S U P E R F I C I A L  R E S I D E N C E  T I ^ E 1 . 2 3 S E C
M A T E R I A L  B A L A N C E 1 0 3 . 2 2 P E R C E N T
M O L E S  P R O D U C T / 1 0  0 M O L E S  F ^ r n






6 . 3 7
5 9 . 9 5
0 . 0 5
8 . 0 1
2 . 3 6
2 4 . 2 6
C 5  R A T E  C O N S T A N T
C 6  R A T E  C O N S T A N T
0 . 1 4 3  C C / G M / S E i  
0 . 5 C ^  C C / G M / S E ;
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
178
RUN M I - 1 9
T E M P E R A T U R E 4 6 5 .  D E G c
P R E S S U R E 1 9  2 .  P S I G
C A T A L Y S T  W E I G H T 2 . 0 0 2  G R A M S
C A T A L Y S T  T Y P E L J J  2 8 9
h y d r o c a r b o n  f e e d  c o m p o s i t i o n
M O L E  F R A C T I O N  P A R T I A L P R E S S
N O R M A L  P E N T A N E 0 . 1 7 1 . 8 1 P S I A
N O R M A L  H E X A N E 0 . 8 3 9 . 0 5 P S I A
H 2 / H Y D R 0 C A R B 0 N  M O L E  R A T I O 1 8 . 0 4
H Y D R O G E N :  P R E S S U R E 1 9 5 . 8  P S I A
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y 6 . 5 4  W / H R / W
S U P E R F I C I A L  R E S I D E N C E  T I M ^ 1 . 3 5  S E C
M A T E R I A L  B A L A N C E 1 0 0 . 2 6  P E R C E N T
M O L E S  o p o D U C T / 1 0  0 " ^ O L E S  F E E D
I S O  C 5  
N 0 5  




0 . 8 5
2 3 . 0 8
0 . 5 7
4 . 8 7
1 . 9 5
6 8 . 8 7
0 5  R A T E  C O N S T A N T
0 6  R A T E  C O N S T A N T
0 . 0 4 5  C O / G ^ / S E O  
0 . 1 2 4  C C / G M / S E C
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RUN M i - 2 0
T E M P E R A T U R E 4 6 5 . D E G  F
P R E S S U R E 1 9 2 . O S I G
C A T A L Y S T  W E I G H T 2 . 0 0 2 G R A M S
C A T A L Y S T  T Y P E L J J  2 8 9
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
M O L E  F R A C T I O N O A R T I A L  P = E S S
N O R M A L  P E N T A N E 0 . 5 . 3 5 . 7 9  PS I A
N O R M A L  H E X A N E 0 . 4 7 5 . 1 1  PS I A
H 2 / H Y D R 0 C A R B 0 N  M O L E  R A T I O 1 7 . R?
H Y D R O G E N  P R E S S U R E 1 9 5 . 3  O S  I  A
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y 6 . 4  3  W / H R / W
S U P E R F I C I A L  R E S I D E N C E  T I M E 1 . 2 0  S E C
M A T E R I A L  B A L A N C E 9 9 . 9 9  d ER ' ' E N T
M O L E S  P R O D U C T / 1 0 0  M O L E S  ^ E E D
I S O  0 5 1 . 9 9
N C 5 5 0 . 2 0
2 2 0 M B 0 . 1 0
2 M P 3 . 7 1
1 . 6 6
N C 6 4 2 . 5 4
C 5  P A T E C O N S T A N T
C 6  R A T E C O N S T A N T
0 . 0 5 0  C C / G M / S E C  
0 . 1 5 2  C C / G M / S E C
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RUN M I - 2 1
T E M P E R  A T U R E 4 6 5 . D E G  F
P R E S S U R E 1 9 2 . D S I G
C A T A L Y S T  W E I G H T 2 . 0 0 2 CD A M S
C A T A L Y S T  T Y P E L J J  2 3 9
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
M O L E  F R A C T I O N  P A R T I A L
N O R M A L  P E N T A N E 0 . 7 7 8 . 4 7
N O R M A L  H E X A N E 0 . 2 3 2 .  4 9
H 2 / H Y D R 0 C A R B 0 N  M O L E  R A T I O 1 7 . 8 6
H Y D R O G E N  P R E S S U R E 1 9 5 . 7 o s  I  A
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y 6 . 3 4 W / H R / W
S U P E R F I C I A L  R E S I D E N C E  T I M E 1 . 2 6 S E C
M A T E R I A L  B A L A N C E 9 8 . 6 5 P E R C E N T
P S I A
P S I A
M O L E S  P R O D U C T / 1 0 0  " O L E S  F E E D
I S O  C 5 3 . 3 3
N C 5 7 4 . 3 9
2 2 0 M B 0 . 0
2 M P 1 . 8 4
3 M P 0 . 4 4
N C 6 2 0 . 0 1
0 5  R A T E C O N S T A N T 0 . 0 5 3 C C / G M / S E C
C 6  R A T E C O N S T A N T 0 . 1 4 4 C C / G M / S E C
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RUN M l - 2 2
T E M P E R A T U R E 4 6 5 . D E G  F
D O E S S U R E 2 0 9 . P S I G
C A T A L Y S T  W E I G H T 2 . 0 0 7 G R A M S
C A T A L Y S T  T Y P E L J J  ? 0 9
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
M O L E  F R A C T I O N P A R T I A L p c  E S S
N O R M A L  P E N T A N E 0 . 1 7 3 . 1 9 P S  I  A
N O R M A L  H E X A N E 0 . 8 3 1 5 . 9 5 P S I  A
H 2 / H Y D R 0 C A R B 0 N  M O L E  R A T I O 1 4 . 8 7
H Y D R O G E N  P R E S S U R E 2 8 4 . 6  P S I A
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y 6 . 5  3  W / H R / W
S U P E R F I C I A L  R E S I D E N C E  T I M E 2 . 3 0  S E C
M A T E R I A L  B A L A N C E 1 1 3 . 0 9  P E R C E N T
M O L E S  P R O D U C T / 1 0 0  ^ O L E S  F E E D
I S O  C 5 1 . 5 2
N C 5 3 5 . 0 3
2 2 D M R 0 . 0 9
2 MD 8 . 2 7
3 M P 3 . 6 3
N C 6 5 1 . 4 5
C 5  R A T E C O N S T A N T
C 6  R A T E C O N S T A N T
0 . 0  3 0  C C / G M / S E C  
0 . 1 5 0  C C / G M / S E C
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RUN Ml - 2 3
T E M P E R A T U R E 4 6 5 .  D E G  F
PR E S S U R E 2 P 1 .  P S I G
C A T A L Y S T  W E I G H T 2 . 0 0 7  G R A M S
C A T A L Y S T  T Y P E L J J  2 8 9
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
M O L E  f r a c t i o n  P A R T I A L P = E S S
N O R M A L  P E N T A N E 0 . 5 3  1 0 . 2 5 P S I A
N O P M A L  H E X A N E 0 . 4 7  5 . 0 5 P S I  A
H 2 / H Y D P 0 C A R B 0 N  M O L E  R A T I O 1 & . 8 4
H Y D R O G E N  P R E S S U R E 2 9 6 . 4  P S I A
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y 6 . 4  1 W / H R / W
S U P E R F I C I A L  R E S I D E N C E  T I M E 2 . 3 0  S E C
M A T E R I A L  B A L A N C E 1 0 5 . 1 3  P E R C E N T
M O L E S  P R O D U C T / 1 0 0  M O L E S  F E E D
I S O  C 5 2 . 3 2
N C 5 5 0 . 5 3
2 2 D M B 0 . 0 5
2 M P 6 . 4 2
3 M P 2 . 9 4
N C 6 3 7 . 4 4
C 5  R A T E C O N S T A N T
C 6  R A T E C O N S T A N T
0 . 0 3 3  C C / G M / S E C  
0 . 1 6 5  C C / G M / S E C
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RUN M l - 2 4
T E M P E R A T U R E 4 6 5 .  D E G  F
P R E S S U R E 2 9 1 .  R S  I  G
C A T A L Y S T  W E I G H T 2 . 0 0 7  G R A M S
C A T A L Y S T  T Y P E L J J  2 . 0 9
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
M O L F  f r a c t i o n  P A R T I A L p c r s s
N O R M A L  P E N T A N E 0 . 7 7  1 4 . 8 8 P S I  A
N O R M A L  H E X A N E 0 . 2 3  4 . 3 8 P S I A
H 2 / H Y D R 0 C A R B 0 N  M O L E  R A T I O 1 & . 8 7
H Y D R O G E N  P R E S S U R E 2 8 6 . 6  d s I A
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y 6 . 3 3  W / H R / W
S U P E R F I C I A L  R E S I D E N C E  T I M E 2 . 2 2  S E C
M A T E R I A L  B A L A N C E 1 0 9 . 3 7  D E R C E N T
M O L E S  d r o D U C T / 1 0 0  M O L E S  F F T Q
I S O  C 5 4 . 0 3
M C 5 6 9 . 5 5
2 2 DWD 0  .  0
2 ^ 0 4 . 2 0
3~* P 1 . 9 5
N C 6 2 0 . 2 7
C 5  R A T E c o n s t a n t 0 . 0 6 3 C C / G M / S E C
0 6  R A T E C O N S T A N T 0 . 2 0 5 C C / G M / S E C
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] 8 k
RUN M l - 2 5
T E M P E R A T U R E  
P R E S S U R E  
C A T A L Y S T  W E I G H T  
C A T A L Y S T  T Y P E
h y d r o c a r b o n  F E E D  C O M P O S I T I O N
N O R M A L  P E N T A N E  
N O R M A L  H E X A N E
H 2 / H Y D R 0 C A R B 0 N  M O L E  R A T I O
h y d r o g e n  p r e s s u r e
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y  
S U P E R F I C I A L  R E S I D E N C E  T I M F  
M A T E R I A L  B A L A N C E
4 6 5 .
2 0 1 .
2 . 0 1 3  
H U E  2 4 3
D E G  F
P S I G
GRAMS
M O L E  F R A C T I O N  
0 . 1 7  
0 . 8 3
1 4 . 8 3
2 8 6 . 4  P S I A
6 . 5 1  W / H R / W
3 . 0 3  S E C  
1 0 5 . 5 3  P E R C E N T
P A R T I A L  P R E S S  
3 . 2 2  P S I A  
1 6 . 0 9  P S I A
M O L E S  P R O D U C T / 1 0 0  M O L E S  F = ‘ E D
I S O  C 5 1 . 0 1
N C 5 2 7 . 3 9
2 2 D M B 0 . 0 4
2 MP 3 . 4 7
3 M P 1 . 7 4
N C 6 6 6 . 3 5
C 5  R A T E C O N S T A N T
C 6  R A T E C O N S T A N T
0 . 0 2 5  C C / G M / S E C  
0 . 0 = 3  C C / G w / S E C
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RUN Ml - 2 6
T E M P E R A T U R E 4 6 5 . D E G  F
P R E S S U R E 2 9 1  . D S I G
C A T A L Y S T  W E I G H T 2 . 0 1 3 G R A M S
C A T A L Y S T  T Y P E H U E  2 4 3
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
M O L E  F R A C T I O N P A R T I A L
N O R M A L  P E N T A N E 0 . 5 3 1 0 . 2 7
N O R M A L  H E X A N E 0 . 4 7 9 . 0 6
H 2 / H Y D R 0 C A R B 0 N  M O L E  R A T I O 1 4 . 9 2
H Y D R O G E N  P R E S S U R E 2 8 6 . 4 P S I A
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y 6 . 3 9 W / H R / W
S U P E R F I C I A L  R E S I D E N C E  T I M E 2 . 9 6 S E C
M A T E R I A L  B A L A N C E 1 0 1 . 7 2 P E R C E N T
p s î  A
P S I A
M O L E S  P R O D U C T / 1 0 0  M O L E S  F E P f
I S O  C 5 2 . 1 4
N 0 5 5 5 . 5 0
2 2 D M B 0 . 0
2 M p 1 . 1 9
3 M P 0 . 5 8
N C 6 4 0 . 5 9
C 5  R A T E C O N S T A N T 0 . 0 2 7 C C / G M / S E C
C 6  R A T E C O N S T A N T 0 . 0 3 1 C C / G M / S E C
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RUN M l - 2 7
TEMPERATURE 
P R E S S U R E  
C A T A L Y S T  W E I G H T  
C A T A L Y S T  T Y P E
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
4 6 5 .  . 
2 9 1 .
2 . 0 1 3  
H J F  2 4 3
D E G  F
P S I G
G R A M S
M O L E  F R A C T I O N P A R T I A L '  P R E S S
N O R M A L  P E N T A N E 0 . 7 7 1 5 . 1 3 P S I A
N O R M A L  H E X A N E 0 . 2 3 4 . 4 5 P S I A
H 2 / H Y D R 0 C A R B 0 N  M O L E  R A T I O 1 4 . 6 1
H Y D R O G E N  P R E S S U R E 2 8 6 .  1 P S I  A
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y 6 . 3 1 W / H R / W
S U P E R F I C I A L  R E S I D E N C E  T I M E 2 . 3 9 S E C
M A T E R I A L  B A L A N C E 1 0 5 . 4 2 P E R C E N T
M O L E S  P R O D U C T / 1 0 0  M O L E S  F E E D
I S O  C 5 2 . 4 4
N C 5 7 4 . 1 2
2 2 C B 0 . 0
2  MD 0 . 6 7
3 M P 0 . 3 2
N C 6 2 2 . 4 5
0 5  P A T E C O N S T A N T
C 6  R A T E C O N S T A N T
0 . 0 2 4  C C / G M / S E C  
0 . 0 3 2  C C / G v / S E C
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RUN M I - 2 8
T E M P E R A T U R E  4 6 5 .  D E G  F
P R E S S U R E  3 0 0 .  P S I G
C A T A L Y S T  W E I G H T  2 . 0 1 3  G R A M S
C A T A L Y S T  T Y P E  H J F  2 4 3
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
M O L E  F R A C T I O N P A R T I A L  P R E S S
N O P M A L  P E N T A N E 0 . 1 7 4 . 7 0  P S I A
N O R M A L  H E X A N E 0 . 8 3 2 3 . 5 1  P S I A
H 2 / H Y D R O C A R B O N  M O L E  R A T I O 1 0 . 1 6
H Y D R O G E N  P R E S S U R E 2 8 6 . 5 P S I A
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y 6 . 5 1 W / H R / W
S U P E R F I C I A L  R E S I D E N C E  T I M E 4 . 4 9 S E C
M A T E R I A L  B A L A N C E 1 0 6 . 5 P P E R C E N T
M O L E S  P R O D U C T / 1 0 0  M O L E S  F E E D
I S O  C 5 3 . 5 7
N C 5 6 4 . 1 3
2 2 D M B 0 . 0 &
2 M P 1 . 2 8
3 M P 0 . 6 1
M C 6 3 0 . 4 1
C 5  R A T E C O N S T A N T
C 6  R A T E C O N S T A N T
0 . 0 2 6  C C / G M / S E C  
0 . 0 2 P  C C / G M / S E C
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RUN M I - 2 9
T E M P E R A T U R E  
P R E S S U R E  
C A T A L Y S T  W E I G H T  
C A T A L Y S T  T Y P E
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
4 6 5 .
3  0 0 .
2 . 0 1 3  
H U E  2 4 3
D E G  F 
P S I G
G-P A M S
M O L E  F R A C T I O N P A R T I A L P R E S S
N O R M A L  P E N T A N E 0 . 5 3 1 5 . 1 6 P S I A
N O R M A L  H E X A N E 0 . 4 7 1 3 . 3 8 P S  :  A
H 2 / H Y D R 0 C A R 3 0 N  M O L E  R A T I O 1 0 . 0 3
H Y D R O G E N  P R E S S U R E 2 8 6 . 2 P S I A
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y 6 . 3 9 W / H R / W
S U P E R F I C I A L  R E S I D E N C E  T I M E 4 . 3 5 S E C
M A T E R I A L  B A L A N C E 1 0 3 . 7 1 P E R C E N T
M O L E S  P R O D U C T / 1 0 0  M O L E S  P E E D
I S O  C 5 2 . 7 3
N C 5 5 4 . 7 9
2 2 D M B 0 . 0 1
2MP 0 . 9 7
3 M P 0 . 4 7
N C 6 4 1 . 0 3
C 5  R A T E C O N S T A N T
C 6  G A T E C O N S T A N T
0 . 0 2 4  C C / G M / S E C  
0 . 0 1 7  C C / G M / S E C
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RUN M I - 3 0
T E M P E R A T U R E  
P R E S S U R E  
C A T A L Y S T  W E I G H T  
C A T A L Y S T  T Y P E
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
4 6 5  .
3 0  0 .
2 . 0 1 3  
H U E  2 4 3
D E G  F
P S I G
G R A M S
M O L E  F R A C T I O N P A R T I A L P R E S S
N O R M A L  P E N T A N E 0 . 7 7 2 2 . 1 2 P S I A
N O R M A L  H E X A N E 0 , 2 3 6 . 5 1 P S I A
H 2 / H Y D R 0 C A R B 0 N  M O L E  R A T I O 0 . 9 9
H Y D R O G E N  P R E S S U R E 2  8  6 . 1 P S I A
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y 6 . 3 1 W / H R / W
S U P E R F I C I A L  R E S I D E N C E  T I N i r 4 . 2 3 S E C
M A T E R I A L  B A L A N C E 1 0  3 . 7 2 B E R C E N T
M O L E S  O R O D U C T / 1 0  0 M O L E S  F E E D
I S O  C 5
N C 5  




4 . 3 2  
7 1 . * 8
0 . 0
0 . 5 7
0 . 2 7
2 3 . 5 3
C 5  G A T E  C O N S T A N T  
0 6  R A T E  C O N S T A N T
0 . 0 3 0  C C / G M / f E C  
0 . 0 1 8  C C / G M / S E C
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RUN MI - 3 1
TEMPERATURE  
P R E S S U R E  
C A T A L Y S T  W E I G H T
4 6 5 .
1 0 0 .
2 . 0 0 3
D E C  F
P S I G
G R A M S
C A T A L Y S T  T Y P E
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
H U E  2 4 3  
M O L E  F R A C T I O N P A R T I A L P R E S S
N O R M A L  P E N T A N E 0 . 1 7 1 .  7 4 P S  I  A
N O R M A L  H E X A N E 0 . 8 3 8 . 7 2 P S  ^ A
H 2 / H Y D R 0 C A R B 0 N  M O L E  R A T I O  
H Y D R O G E N  P R E S S U R E  
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y  
S U P E R F I C I A L  R E S I D E N C E  T I M E  
M A T E R I A L  B A L A N C E
9 . 9 6
1 0 4 . 2
6 . 5 4
1 . 6 6
1 0 2 . 1 0
P S  I  A 
W / H R / W  
S E C
P E R C E N T
M O L E S  D R O D U C T / 1 0 0  M O L E S  F F ^ O
I S O  C!
N C 5




0 . 8 5
2 5 . 4 8
0 . 4 3
1 3 . 6 7
0 . 6 4
5 8 . 5 3
C 5  R A T E  C O N S T A N T  
C 6  R A T E  C O N S T A N T
0 . 0 4 2  C C / G M / S E C  
0 . 2 ° 3  C C / G M / S E C
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RUN M I - 3 2
T E M P E R A T U R E  
P R E S S U R E  
C A T A L Y S T  W E I G H T  
C A T A L Y S T  T Y P E
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
4 6 5 .
1 0 0 .
2 . 0 0 3  
H U E  2 4 3
D E G  F
PS' IG
P R A M S
M O L E  F R A C T I O N P A R T I A L  P P E S S
N O R M A L  P E N T A N E 0 . 5 3 5 . 5 4  P S : A
N O R M A L  H E X A N E 0 . 4 7 4 . 8 9  P S I A
H 2 / H Y 0 P 0 C A R B 0 N  M O L E  R A T I O 1 0 . 0 0
H Y D R O G E N  P R E S S U R E 1 0  4 . 3 P S  I  A
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y 6 . 4 2 W / H R / W
S U P E R F I C I A L  R E S I D E N C E  T I ^ E 1 . 5 8 S E C
M A T E R I A L  B A L A N C E 1 0 3 . 5 2 P E R C E N T
M O L E S  P R O D U C T / 1 0 0  " O L E S  F E E D
I S O  C 5 3 . 4 5
N C 5 4 7 . 5 2
2 2 0 M B 0 . 3 2
2  MO 6 . 6 0
3 M ° 0  .  3
N C 6 4 2 . 1 1
C 5  R A T E C O N S T A N T
C 6  R A T E C O N S T A N T
0 . 0 0 5  C C / G M / S E C  
0 . 2 0  9 C C / G M / S E C
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RUN M I - 3 3
T E M P E R A T U R E 4 6 5 . D E G  F
P R E S S U R E 1 0 0 . P S I G
C A T A L Y S T  W E I G H T 2 . 0 0 3 G R A M S
C A T A L Y S T  T Y P E H U E  2 4 3
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
M O L E  F R A C T I O N P A R T I A L P R E S S
N O R M A L  P E N T A N E 0 . 7 7 8 . 1 6 P S I A
N O R M A L  H E X A N E 0 . 2 3 2 . 4 0 P S I A
H 2 / H Y D R 0 C A R B 0 N  M O L E  R A T I O 9 . 8 6
H Y D R O G E N  P R E S S U R E 1 0 4 . 1  P S I A
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y 6 . 3  4  W / H R / W
S U P E R F I C I A L  R E S I D E N C E  T I M E 1 . 5 5  S E C
M A T E R I A L  B A L A N C E 1 0 3 . 7 8  P E R C E N T
M O L E S  P P O D U C T / 1 0 0  ' ^ O L E S  ^ E E D
I S O  C 5
N C 5  




4 . 3 6
7 2 . 2 9
0.10
2 . 7 8
0 . 0
2 0 . 4 9
C 5  R A T E  C O N S T A N T  
0 6  R A T E  C O N S T A N T
0 . 0 8  1 C C / G M / S E C  
0 . 1 5 3  C C / G M / S E C
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RUN M l - 3 4
T E M P E R A T U R E  
P R E S S U R E  
C A T A L Y S T  W E I G H T  
C A T A L Y S T  T Y P E
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
4 6 5  .
2 0 0 .
2 . 0 0  7  
H U E  2 4 3
D E G  F 
=  S I G  
' G R A M S
M O L E  F R A C T I O N P A R T I A L P P  E S S
N O R M A L  P E N T A N E 0 . 1 7 3 . 2 6 P S  I  A
N O R M A L  H E X A N E 0 . 8 3 1 6 . 2 ® P S  I  A
H 2 / H Y 0 R 0 C A R 9 0 N  M O L E  R A T I O 9 . 9 8
H Y D R O G E N  P R E S S U R E 1 P 5 . 2 P S  I  A
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y 6 . 5 3 W / H R / W
S U P E R F I C I A L  R E S I D E N C E  T I M E 3 . 1 0 S E C
M A T E R I A L  B A L A N C E 1 0 9 . 6 1 P E R C E N T
M O L E S  P R O D U C T / 1 0 0  M O L E S  ' ^ E E D
I S O  C 5 1 . 4 7
N C 5 4 9 . 9 1
2 2 D M 0 0 . 0
2 M P 3 . 5 3
3 M P 1 . 6 4
N C 6 4 3 . 4 5
C 5  R A T E C O N S T A N T
C 6  R A T E C O N S T A N T
0 . 0 2 0  C C / G M / S E C  
0 . 0  7 9  C C / G M / S E C
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RUN M I - 3 5
194
T E M P E R A T U R E  
P R E S S U R E  
C A T A L Y S T  W E I G H T  
C A T A L Y S T  T Y P E
4 6 5 .
20 0 .
2 . 0 0 7  
H U E  2 4 3
H E G  F 
P S I G
G R A M S
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
M O L E  F R A C T I O N P A R T I A L P P E S S
N O R M A L  P E N T A N E 0 . 5 3 1 0 . 4 7 P S I A
N O R M A L  H E X A N E 0 . 4 7 9 . 2 4 P S  I .A
H 2 / H Y D R 0 C A R R 0 N  M O L E  R A T I O 0 . 9 0
H Y D R O G E N  P R E S S U R E 1 9 5 . 0 D S I A
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y 6 . 4 1 W / H R / W
S U P E R F I C I A L  R E S I D E N C E  T I M E 2 . 9 9 S E C
M A T E R I A L  B A L A N C E 1 0 4 . 7 6 P E R C E N T
M O L E S  P R O D U C T / 1 0 0  M O L E S  ^ E E D
I S O  C 5 1 . 8 4
N C 5 6 1 . 8 2
2 2 D M B 0 . 0 3
2 M P 1 . 6 8
3  MO 0 . 4 0
N C 6 3 4 . 2 3
C 5  R A T E C O N S T A N T 0 . 0 2 1 C C / G M / S E C
C 6  R A T E C O N S T A N T 0 . 0 4 3 C C / G M / S E C
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RUN M l - 3 6
T E M P E R A T U R E  
o R E S S U R E  
C A T A L Y S T  W E I G H T  
C A T A L Y S T  T Y P E
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
4 6 5 .
20 0 .
2 . 0 0 7  
H U E  2 4 3
D E G  F
D S I 3
G R A M S
M O L E  F R A C T I O N P A R T I A L P P E S S
N O R M A L  P E N T A N E 0 . 7 7 1 5 . 1 5 P S  T A
N O R M A L  H E X A N E 0 . 2 3 4 . 4 6 P S I  A
H 2 / H Y D R 0 C A R E 0 N  M O L E  P A T I O 9 . 0 5
H Y D R O G E N  P R E S S U R E 1 9 5 . 1 P S I A
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y 6 . 3 3 W / H R / '■!
S U P E R F I C I A L  R E S I D E N C E  T l ^ r 2 . 9 9 S E C
M A T E R I A L  B A L A N C E 1 0 2 . 0 0 P E R C E N T
M O L E S  P R O D U C T / 1 0 0  M O L E S  F > ^ E D
I S O  C 5 2 . 5 6
N C 5 7 8 . 5 9
2 2 0 %^ 0  .  0
2 M P 0 . 8 3
3 M P 0 . 1 2
N C 6 1 7 . 9 0
C 5  R A T E C O N S T A N T
C 6  R A T E C O N S T A N T
0 . 0 2 4  C C / G M / S E C  
0 . 0 3 8  C C / G M / S E C
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RUN M I - 3 7
T E M P E R A T U R E 4 6 = . D E G  F
P R E S S U R E 9 7 . P S I G
C A T A L Y S T  W E I G H T 2 . 0 0 1  G R A M S
C A T A L Y S T  T Y P E H U E  2 4 7
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
M O L E  F R A C T I O N  P A R T I A L  P R E S S
N O R M A L  P E N T A N E 0 . 1 7 1 . 1 7  P S I A
N O R M A L  H E X A N E 0 . R 3 5 . 8 6  °  S I  A
H 2 / H Y 0 R 0 C A R S O N  M O L E  R A T I O 1 4 . 8 9
h y d r o g e n  p r e s s u r e 1 0 4 . 7 D S I A
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y 6 . 5 5 W / H R / V
S U P E R F I C I A L  R E S I D E N C E  T I M ^ 1 . 1 1 S E C
M A T E R I A L  B A L A N C E P 9 . 8 8 P E R C E N T
M O L E S  D R O D U C T / 1 0 0  W O L ^ S  F ' ^ E O
I S O  C 5 2 . 0 9
N C 5 3 9 . 6 9
2 2 D M B , 0 . 0
2 M P 1 0 . 2 4
3 " P 2 . 3 0
N C 6 4 5 . 6 8
C 5  R A T E C O N S T A N T 0 . 0 9 9  C C / G M / S E C
C 6  R A T E C O N S T A N T 0 . 4 7 6  C C / G M / S E C
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RUN m i - 3 8
t e m p e r a t u r e
P R E S S U R E  
C A T A L Y S T  W E I G H T  
C A T A L Y S T  T Y ^ E
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
4 6 5 .
9 7 .  
2.001 
H U E  2 4 3
DEG F
P S I G
GRAMS
M O L E  F R A C T I O N P A R T I A L  P R E S S
N O R M A L  P E N T A N E 0 . 5 3 3 . 7 4  P S I A
N O R M A L  H E X A N E 0 . 4 7 3 . 3 0  P S I A
H 2 / H Y D R 0 C A R B 0 N  M O L E  R A T I O 1 4 . 8 5
H Y D R O G E N  P R E S S U R E 1 0 4 . 7 P S I A
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y 6 . 4 3 W / H R / W
S U P E R F I C I A L  R E S I D E N C E  T I M E 1 . 0 7 S E C
M A T E R I A L  B A L A N C E 9 7 . 9 0 P E R C E N T
M O L E S  P R O D U C T / 1 0 0  M O L E S  F ^ r g
I S O  C 5  
N C 5  




3 . 0 0  
4 4 . 0 4  
0 . 0  
6 . 3 1  
1 . 7 8  
4 4 . 0 7
C 5  R A T E  C O N S T A N T  
C 6  R A T E  C O N S T A N T
0 . 1 3 0  C C / G M / S E C  
0 . 3 4 2  C C / G M / S E C
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RUN M l - 3 9
T E M P E R A T U R E  
P R E S S U R E  
C A T A L Y S T  W E I G H T  
C A T A L Y S T  T Y P E
H Y D R O C A R B O N  P E E D  C O M P O S I T I O N
4 6 5 .
9 7 .  
2 . 0 0 1  
H U E  2 4 3
DEG F
P S I G
GRAMS
M O L E  F R A C T I O N P A R T I A L  P P E S S
N O R M A L  P E N T A N E 0 . 7 7 5 . 4 4  P S ? A
N O R M A L  H E X A N E 0 . 2 3 1 . 6 0  P S I A
W 2 / H Y D P 0 C A R B 0 N  M O L E  R A T I O 1 4 . A 7
H Y D R O G E N  P R E S S U R E 1 0 4 . 7 P S I A
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y 6 . 3 4 W / H R / M
S U P E R F I C I A L  R E S I D E N C E  T I M p 1 . 0 3 S E C
M A T E R I A L  B A L A N C E 9 6 . 4 4 P E R C E N T
M O L E S  P R O D U C T / 1 0 0  " O L E S  F E H D
I S O  0 5
N C 5




4 . 0 7
6 3 . 6 4
0 . 0
3 . 7 0
0 . 9 0
2 7 . 7 0
C 5  R A T E  C O N S T A N T  
0 6  R A T E  C O N S T A N T
0 . 1 2 9  C C / G v / c E C
0 . 3 2 1  C C / G M/ S E C
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
199
RUN M l - 4 3
T E M P E R A T U R E 4 6 5  .  DEC- F
P R E S S U R E 1 9 2 .  P S I G
C A T A L Y S T  W E I G H T 2 . 0 0 2  G R A M S
C A T A L Y S T  T Y P E H U E  2 4 3
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
M O L E  F R A C T I O N P A R T I A L P R E S S
N O R M A L  P E N T A N E 0 . 1 7 1 . 8 1 P S I A
N O R M A L  H E X A N E 0 . 9 3 9 . 0 5 P S I A
H 2 / H Y D R 0 C A R B 0 N  M O L E  R A T I O 1 8 . 0 2
H Y D R O G E N  P R E S S U R E 1 P 5 . 8  P S I A
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y 6 . 5 4  W / H R / W
S U P E R F I C I A L  R E S I D E N C E  T I M E 1 . 7 2  S E C
M A T E R I A L  B A L A N C E 1 2 0 . 8 7  P E R C E N T
M O L E S  ° R O D U C T / 1 0 0  M Q L E S  F F p n
I S O  C 5 0 . 5 6
N C 5 2 5 . 1 6
2 2 D M B 0 . 0 0
2 MD 5 . 6  8
3 M P 2 . 1 9
N C 6 6 5 . 3 2
C 5  R A T E C O N S T A N T
C 6  R A T E C O N S T A N T
0 . 0  4 2  C C / G M / S E C  
0 . 1 5 6  C C / G M / S E C
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RUN M l - 4 4
T E M P E R A T U R E  
P R E S S U R E  
C A T A L Y S T  W E I G H T  
C A T A L Y S T  T Y P E
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
4 6 5 .
1 9 2  .  
2.002 
H U E  2 4 3
DEG F
O S I G
GRAMS
M O L E  F R A C T I O N P A R T I A L  P R E S S
N O R M A L  P E N T A N E 0 . 5 3 5 . 8 5  P S I A  -
N O R M A L  H E X A N E 0 . 4 7 5 . 1 6  P S I A
H 2 / H Y D R 0 C A R B 0 N  M O L E  R A T I O 1 7 . 7 8
H Y D R O G E N  P R E S S U R E 1 9 5 . 7 ° S  I  A
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y 6 . 4 3 W / H R / W
S U P E R F I C I A L  R E S I D E N C E  T I M ? 1 . 6 7 S E C
M A T E R I A L  B A L A N C E 1 0 1 . 7 0 P E R C E N T
M O L E S  P R O D U C T / 1 0 0  M O L E S  F E E D
I S O  C 5
N C 5




1 . 0 9
5 2 . 7 0
0 . 0
3 . 7 8
0.20
4 1 . 4 3
C 5  R A T E  C O N S T A N T  
C 6  P A T E  C O N S T A N T
0 . 0 4 5  C C / G M / S E C
0 . 1 1 8  C C / G M / S E C
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1 9 2 .  
2 . 0 0 2  
HUE 243
DEG F
P S I G
GRAMS
MOLE FRACTION PARTIAL PRESS
NORMAL PENTANE 0.77 8.42 PSIA
NORMAL HEXANE 0 . 2 3 2.48 PSIA
H2/HYDROCARBON MOLE RATIO 17.96
HYDROGEN PRESSURE 195.8 °SI A
WEIGHT HOURLY SPACE VELOCITY 6.3 4 W/HP/W
SU°ER9ICIAL RESIDENCE TIME 1.60 SEC
m a t e r i a l  b a l a n c e 99.82 PERCENT
MOLES PRODUCT/100 ^OLES FEED
ISO C5 2.76
M C5 65.12
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RUN C 5 I - 6
TEMPERATURE 
P R E S S U R E  
C A T A L Y S T  U E I G H T  
C A T A L Y S T  T Y P E
4 6 5  .
2  0 C • 
2 . 0 1 2  
L J J  2 8  5
DEG P
P S I G
GRAMS
H Y D R 0 C A R 3 G M  F E E D  C O M P O S I T I O N
n o r m a l  P E N T A N E
n o r m a l  h e x a n e
M O L E  f r a c t i o n
1 .  c c
0 . 3
P A R T I A L  P R E S S  
1 5 . 3 4  P S I A  
0 . 0  P S I A
H 2 / n Y D R O O A R S O N  M O L E  R A T I O  1 0 . 1 0
n Y D R O G E N  P R E S S U R E  1 9 5 . 4  P S I A
■ r J E I G H T  H O U R L Y  S P A C E  V E L O C I T Y  6 . 2 2  W / H R / U
S U P E R F I C I A L  R E S I D E N C E  T I M E  2 . 1 7  S E C
M A T E R I A L  B A L A N C E  9 2 . 5 2  P E R C E N T
M O L E S  P R O D U C T / 1 0 0  M O L E S  F E E D
I S O  0 5 
j C 5
7 . 6 0
9 2 . 4 0
0 5 R A T E  C O N S T A N T
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RUN C 5 1 - 1 0
2 0 3
TEMPERATURE 
P R E S S U R E  
C A T A L Y S T  W E I G H T  
C A T A L Y S T  T Y P E
4 6 5  .
3 0 0 .
2 . C 0 C  
L J J  2 9 9
DEG F
P S I G
GRAMS
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
N O R M A L  P E N T A N E  
N O R M A L  H E X A N E
M O L E  F R A C T I O N
1 . 0  0 
0 . 0
P A R T I A L  P R E S S  
2 5 . 4 4  P S I A  
O . C  P S I A
H 2 / H Y D R 0 C A R 5 0 N  H O L E  R A T I O  1 0 . 0 7
H Y D R O G E N  P R E S S U R E  2 3 6 . 5  P S I A
W E I G i T  H O U R L Y  S P A C E  V E L O C I T Y  6 . 2 6  W / H R / w
S U P E R F I C I A L  R E S I D E N C E  T I M E  3 . 1 7  S E C
M A T E R I A L  B A L A N C E  9 8 . 7 9  P E R C E N T
M O L E S  P R O D U C T / I C O  M O L E S  F E E D
I S O  0 5
N C5
1 2 . 4 2
6  7 . 5 8
0 5  R A T E  C O N S T A N T
, 7 ,
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2 0 4
RUN C 5 I - 1 2
T E M P E R A T U R E  
P R E S S U R E  
C A T A L Y S T  W E I G H T  
C A T A L Y S T  T Y P E
4 6 5 .
I C O .
2 . 0  00  
L J J  2 8 9
DEG F
P S I G
GRAMS
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
N O R M A L  P E N T A N E  
N O R M A L  H E X A N E
M O L E  F R A C T I O N
1.00 
0 . 0
P A R T I A L  P R E S S  
1 0 . 4 3  P S I A  
0 . 0  P S I A
H 2 / h Y D R 0 C A R 5 0 N  M O L E  R A T I O  1 0 . 0 0
H Y D R O G E N  P R E S S U R E  1 0 4 . 3
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y  6 . 2 6
S U P E R F I C I A L  R E S I D E N C E  T I M E  1 . 1 6
M A T E R I A L  B A L A N C E  5 7 . 6 8
P S I A
W / H R / W
S E C
P E R C E N T
M O L E S  P R O D U C T / I O C  M O L E S  F E E D
I S 1 5 . 1 9
8 ^ . 5 1
' E  C O N S T A N T 0 . 2 4 1  C C / G M / S E C
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2 0 5
RUN C 5 I - 1 5
T E M P E R A T U R E  
P R E S S U R E  
C A T A L Y S T  W E I G H T  
C A T A L Y S T  T Y P E
4 6 5 .
1 9 2 .
2 . 0  02  
L J J  2 3 9
DEG F
P S I G
GRAMS
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
N O R M A L  P E N T A N E  
N O R M A L  H E X A N E
H 2 / H Y D R 0 C A R B 0 N  M O L E  R A T I O  
H Y D R O G E N  P R E S S U R E  
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y  
S U P E R F I C I A L  R E S I D E N C E  T I M E  
M A T E R I A L  B A L A N C E
M O L E  F R A C T I O N
1.00 
0 . 0
1 7 . 8 5
1 9 5 . 7
6 . 2 b
1.22
1 0 1 . 1 2
P A R T I A L  P R E S S  
1 0 . 9 7  P S I A  
0 . 0  P S I A
P S I A
W / H R / W
S E C
P E R C E N T
M O L E S  P R O D U C T / 1 0 0  M O L E S  F E E D
I S O  0 5  
N 0 5
5 . 2 0
• 4 . 6 0
C D  r a t e  C O N S T A N T 0 . 0 7 3  C C / 3 M / 3 !
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RUN C 5 1 - 1 6
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TEMPERATURE 
P R E S S U R E  
C A T A L Y S T  W E I G H T  
C A T A L Y S T  T Y P E
4 6 5 .
2 9 0  .
2 . 0 C 7  
L J J  2 8 9
P S I G
G R A M S
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
N O R M A L  P E N T A N E  
N O R M A L  H E X A N E
M O L : : F R A C T I O N  
1 . 0 0
0 . 0
P A R T I A L  P R E S S  
1 9 . 1 3  P S I A  
0 . 0  P S I A
H 2 / H Y D R 0 : A P = G N  m o l e  r a t i o  1 4 , 3 9
n Y D R O G E N  P R E S S U R E  2 3 5 . 5  P S I A
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y  6 . 2 4  W / H R / W
S U P E R F I C I A L  R E S I D E N C E  T I M E  2 . 1 5  S E C
M A T E R I A L  B A L A N C E  1 0 5 . 6 5  P E R C E N T
M O L E S  P R O D U C T / I O G  M O L E S  F E E D
I S O  C 5 7 . 1 1
9 2 . 8 9
0 5 R A T E  C O N S T A N T 0 . 0 5 3  c c / g m / s e :
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2 0 7
RUN C 5 I - 1 7
TEMPERATURE
P R E S S U R E
l A T A L Y S T  T Y P E
4 6 5  .
2 9 1 .
2 . 0  1 : 
H U E  2 4 :
C E  3  F
P S I G
G R A M S
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
N O R M A L  ° E N T  A NE 
N O R M A L  H E X A N E
H 2 / H Y D R 0 C A R S 0 N  M O L E  R A T I O  
H Y D R O G E N  P R E S S U R E  
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y  
S U P E R F I C I A L  R E S I D E N C E  T I M E  
M A T E R I A L  B A L A N C E
M O L E  F R A C T I O N
1 . 0  0 
0 . 0
1 4 . 6 6  
2 3 6  . 2  
6 . 2 2  
2 . 2 C  
1 0 3 . 5 1
P A R T I A L  P R E S S  
1 9 . 5 2  P S I A
j  .  0 P S I A
= S I  A 
W / H R / W  
S E C
P E R C E N T
M O L E S  P R O D U C T / l O O  M O L E S  F E E D
I S O  C 5 6 . 6 3
9 3 . 3 2
0 5  R A T E  C O N S T A N T C C / G M / S E C
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RUN 0 5 1 - 1 8
TEMPERATURE  
P R E S S U R E  
C A T A L Y S T  W E I G H T  
C A T A . Y S T  T Y P E
4 6 5 .
3 C 0  .
2 . 0 1 3  
H U E  2 4 3
DEG F
P S I G
GRAMS
H Y 0 R G C A R 3 0 N  F E E D  C O M P O S I T I O N
N O R M A L  P E N T A N E  
N O R M A L  H E X A N E
M O L E  F R A C T I O N
1 . 0 0  
0 . 0
P A R T I A L  P R E S S  
2 3 . 4 6  P S I A
0 . 0  P S I A
H 2 / H Y Ü R 0 C A R 3 0 N  M O L E  R A T I O  1 0 . 0 b
H Y D R O G E N  P R E S S U R E  2 3 6 . 2  P S I A
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y  6 . 2 2  W / H R / W
S U P E R F I C I A L  R E S I D E N C E  T I M E  4 . 0 5  S E C
m a t e r i a l  B A L A N C E  1 0 0 . 8 6  P E R C E N T
M O L E S  P R O D U C T / l O O  M O L E S  F E E D
I S C  C:
J C 3
6 . 3 0
9 1 . 6 4
C o  R A T E  C O N S T A N T 0 . 0 - 6  C C / G M /
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Run C 5 I - 1 9
TEMPERATURE  
P R E S S U R E  
c a t a l y s t  W E I G H T  
C A T A . Y S T  T Y P E
4 6 5 .
1 0 0 .
2 . 0  0 5  
H U E  2 4 3
D E G  F
F S I 3
G R A M S
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
• J 0  R iM A L 
N 0  R iM A L
P E N T A N E
H E X A N E
M O L E  F R A C T I O N
1 . 0 0  
0 . 0
P A R T I A L  P R E S S  
1 0 . 5 4  P S I A  
0 . 0  P S I A
- Î 2 / H Y D R 0 C A R 5 0 N  M O L E  R A T I O  9 . 8 6
n Y D R O G E N  P R E S S U R E  1 0 4 . 2
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y  6 . 2 5
S U P E R F I C I A L  R E S I D E N C E  T I M E  1 . 5 0
M A T E R I A L  B A L A N C E  1 1 9 . 7 5
P S I A  
y / H R / W  
S E C
P E R C E N T
M O L E S  P R O D U C T / I C O  M O L E S  F E E D
I S O  0 5 
N 0 5
1 2 . 1 6  
5 7 .  S n
C 5  R A T E  C O N S T A N T C / 0 " / S E C
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TEMPERATURE 
P R E S S U R E  
C A T A . Y S T  
C A T A . Y S T  T Y P E
4 6 5 .
2 C C .
2 . 0 0 7  
H U E  2 4 3
: g “
‘ I  J 
, A >1 S
H Y D R 0 C A R 3 0 N  F E E D  C O M P O S I T I O N
NORMAL
NORMAL
P E N T A N E  
r l E X  A N E
M O L E  " R A C T I O N
l . C  G 
0 . 0
P A R T I A L  P R E S S  
1 9 . 6 1  P S I A  
0 . 0  P S I A
“ 2 / H Y D R 0 : A R 9 0 N  M O L E  R A T I O  9 . 9 5
H Y D R O G E N  P R E S S U R E  1 9 5 . 1  P S I A
J E I G H T  H O U R L Y  S P A C E  V E L O C I T Y  6 . 2 4  N / h R / N
S U P E R F I C I A L  R E S I D E N C E  T I M E  2 . S O  S E C
M A T E R I A L  B A L A N C E  9 9 . 7 1  P E R C E N T
M O L E S  p R O O U C T / 1 0 0  M O L E S  F E E D
I S O  C 5  
N C 5
1 1 . 1 3  
5 = .  S 7
: 5  R A T E  C O N S T A N T 0 . 0 5 1  C C / G M / S E C
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RUN C 5 I - 2 1
T E M P E R A T U R E  
P R E S S U R E  
C A T A L Y S T  W E I G H T  
C A T A L Y S T  T Y P E
H Y D R O C A R B O N  F E E D  C O M P O S I T I O N
4 6 5 .
0 7  .
2 . o o r
H U E  2 4 5
D E G  P 
P S I G  
G D A M S
n o r m a l  P E N T A N E  
N O R M A L  H E X A N E
M O L E  F R A C T I O N
1.00 
0 . 0
P A R T I A L  P P E S S  
7 . 0 4  P S I A  
0 . 0  PS^A
H 2 / H Y D R 0 C A R B O N  M O L E  R A T I O  
H Y D R O G E N  P R E S S U R E  
W E I G H T  H O U R L Y  S P A C E  V E L O C I T Y  
S U P E R F I C I A L  R E S I D E N C E  T I M E
m a t e r i a l  b a l a n c e
1 6 . 8 7  
1 0 4 . 7  P S I A  
6 . 2  6  W / H R / W  
1 . 0 0  S E C  
° 9 . 1 5  p E R C P N T
M O L E S  P R O D U C T / l O O  M O L E S  F E E D
I S O  C 5  
N C 5
1 0 . 1 7
8 9 . 8 3
C 5  R A T E  C O N S T A N T 0 . 2 3 1 / 3 M / S
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RUN C 5 I - 2 2
T E M P E S A T U R E  
P R E S S U R E  
C A T A L Y S T  W E I G H T  
C A T A L Y S T  T Y P E
HYDROCARBON FEED C O M P O S I T I O N
N O R M A L  P E N T A N E  
N O R M A L  H F X A N E
H 2 / H Y D R 0 C A R B 0 N  MOLE RA T I O  
HYDROGEN PRESSURE  
WEIGHT HOURLY SPACE V E L O C I T Y  
S U P E R F I C I A L  R E S I D E N C E  T I ME  
M ATERI AL  BALANCE
4 6 5 .  
1 9 2 .  
2 . 0 0 1  
H U E  2 4 3
M O L E  F R A C T I O N
1 . 0 0  
0 . 0
1 7 . 5 8  
1 P 5 . 6  
6 . 2 6  
1 . 5 9  
1 0 6 . P 6
DEG F
P S I G
GRAMS
P A R T I A L  P P E S S
1 1 . 1 2  P S I A  
0 . 0  PSTA
P S  I  A 
W / H R / W  
S E C
PERCENT
WOLES P R O D U C T / l O O  MOLES REED
I S O  C 5  
N 0 5
5 . 6 9
9 4 . 3 1
C 5  R A T E  C O N S T A N T 0 . 0 7 ?  C C / G M / S E C
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Nomenclature
A Cross Sectional Area
A. Deactivation Time Constant
J
a Rediich Kwong Constant
Bj Adsorption Parameter of Component j
b Rediich Kwong Constant
C. Concentration of Component I
d Catalyst Particle Diameter
P





Dg "Slip" Region Diffusivity
E '  True Reaction Activation Energy
E Apparent Reaction Activation Energyapp
AH^ Heat of Adsorption of Component m
h Rediich Kwong Constant
h^ Thiele Modulus for Spherical Catalyst Particles
k General Reaction Rate Constant
k General Surface Reaction Rate Constant
k. Boitzman's Constant Reaction Rate Constant
' for Reactant i
k^ Surface Reaction Rate Constant
Pre-exponential Term
K General Equilibrium Constant
K. Adsorption Constant for Species i
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Nomenclature ( C o n t ' d . )
M Mi x i ng  I n t e n s i t y
MD M o l e c u l a r  Diamet er
N. Mo l a r  Flow Rate o f  Component i
n Number o f  C a t a l y s t  A c t i v e  S i t e s
n. Moles o f  Component i
PD C a t a l y s t  Pore Diameter
Pe P e c l e t  Number
P. P a r t i a l  P r essur e  o f  Species i
P  ̂  ̂ T o t a l  Pr essure
t o t
R O v e r a l l  Reac t i on  Rat e ,  C a t a l y s t  Pore Radius
R Hydrogen/Hydrocarbon Mole R a t i o
R i d e a l  Gas Constant
ROp P a r t i c l e  Reynolds Number
S S p e c i f i c  S ur f a c e  Area o f  the C a t a l y s t
I  A b s o l u t e  Temperat ure
ty H o l d i n g  Time
V Mo l a r  Volume
V^ T o t a l  V o l u m e t r i c  Mol ar  Flow Rate
w R e l a t i v e  number o f  Water  Mol ecu l es  in the
Genera l  Z e o l i t e  S t r u c t u r e
W Mass Flow Rate Weight  o f  C a t a l y s t
X R e l a t i v e  Number o f  Alumina Mol ecu l es  in the
General  Z e o l i t e  S t r u c t u r e
y R e l a t i v e  Number o f  S i l i c a  Mol ecul es  in the  General
Z e o l i  t e  S t r u c t u r e
Y*  H y d r o g e n - f r e e  Mole F r a c t i o n  o f  Species i a t  E q u i l i b r i u m
Z Compress i b i l i t y
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G reek Symbols
e P o r o s i t y  o f  C a t a l y s t  P a r t i c l e
Mean Free  Path o f  Mo l e c u l e  i 
(j). F u g a c i t y  o f  Component i in a M i x t u r e
De ns i t y  o f  Species i 
Bulk De n s i t y  o f  t h e  C a t a l y s t
Pq Mo l a r  Gas De n s i t y
p^ T r u e  C a t a l y s t  P a r t i c l e  Den s i t y
a M o l e c u l a r  D i amet er ,  e q u a t i o n  (3)
Standard D e v i a t i o n
C o n s t r i c t i o n  F a c t o r ,  e q u a t i o n  (.6)
T T o r t u o s i t y  F a c t o r
T Weight  Hou r l y  Space V e l o c i t y
w
p F l u i d  Viscos i t y
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